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ARNLt : acide ribonucléique de transfert
Asc : ascorbate

BCP : bacterioferritin comigratory protein
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GFP : green fluorescent protein

Gpx : glutathion peroxydase
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Grx : glutarédoxine
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Introduction

Dans un métabolisme cellulaire basal, le fonctionnement des chaines de
transfert d’électrons et de certaines oxydases génere la formation d’espéces
réactives oxygénées (ROS) ou nitrées (RNS) (Figure 1).

Reactive Oxygen Reactive Nitrogen
Intermediates  (ROI) intermediates  (RNI)
guanidino
oxygen Qo RNH, Citrogeq of
™ H -argimine
+1e | phagocyte nitric oxide l Il
oxidase synthase
superoxida Qe . *NO  nitric oxide
+1e | superoxide ASH + _02 e RSH+
dismutase A NO; Hv+e
hydrogen eroxynitrite  RSOH NO,™  nitrite R.SNO .
peroxide H,0, pEee ?{L sulfenic Oz nitrosothic)
+te acid l -le
QONOH
hydroxy! .. peroxynitrous sNO;, nitrogen dioxide
radical acl:ld
+1e l X l -le
\J L
water H,0 [sNO, --OHs] NO,” nitrate

Figure 1 : Voies de production des espéces oxygéneées et nitrées réactives
(d’aprés Nathan & Shiloh, 2000).

Les concentrations de ces produits sont plus élevées lors de stress biotiques ou
abiotiques. A faible concentration, ces especes radicalaires semblent étre impliquées
dans les mécanismes de signalisation cellulaire, alors que de fortes concentrations
induisent un stress oxydatif qui va engendrer notamment des dommages au niveau
des macromolécules telles que les lipides, les acides nucléiques et les protéines
(Figures 2, 3 et 4) (Halliwell & Gutteridge, 1990 ; Beckman et al., 1997 ; Berlett et al.,
1997 ; Neill et al., 2002 ; Kohler et al., 2003).

PC-O0OH

Figure 2 : Phosphatidylcholine hydroperoxyde (PCOOH) (A) et oxydation des
acides gras en acides gras hydroperoxydes (B) (d’aprés Baier & Dietz, 1999c ;
Yamamoto, 2000).
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Figure 3 : Réduction de la thymine hydroperoxyde en thymine (d’apres Bao et al.,
1997). Les thymines sont les nucléotides les plus touchés par les radicaux libres et
sont transformées en thymine hydroperoxydes (a), qui pourront étre réduites ensuite
en thymines (b) par des phospholipide hydroperoxyde glutathion peroxydases
(PHGpxX) ou des glutathion S-transférases (GST).
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Figure 4 : Etats d’oxydation de la phénylalanine, du tryptophane, de I'histidine,

—w

de la méthionine et de la cystéine (d’aprés Baier & Dietz, 1999c ; Cooper et al.,
2002).



Introduction

Tous les acides aminés sont sujets aux phénomeénes d’oxydation par les ROS
mais certains le sont plus particulierement. Il s’agit des histidines, des tryptophanes,
des phénylalanines, des cystéines et des méthionines (Figure 4). Les deux acides
aminés soufrés, cystéine et méthionine, sont les plus sensibles et les systemes
permettant de restaurer leur structure initiale sont trés documentés. L'atome de
soufre que renferment ces deux acides aminés peut présenter différents états
d’oxydation. Le soufre de la méthionine peut ainsi se retrouver sous forme sulfoxyde
ou sulfone et 'atome de soufre des cystéines peut étre oxydé en des formes encore
plus nombreuses (Figure 4) (Cooper et al., 2002). Ainsi, outre la formation de ponts
disulfures intramoléculaires (4d), les thiols des cystéines peuvent former des ponts
disulfures intermoléculaires pour créer des homodiméres ou des hétérodimeres avec
d’autres protéines (4f) mais aussi avec des petites molécules telles que le glutathion
(4e). Les ROS vont également provoquer I'apparition d’acides sulféniques (SOH) (4c)
qui pourront étre réduits et d'acides sulfiniques (SO.H) (4c) et sulfoniques (SO3H)
(4c) qui sont des modifications irréversibles. Par ailleurs, les especes nitrées vont
engendrer également des modifications. L’action du peroxynitrite va former des
groupements nitrothiols (OSNO) (4b) par S-nitration, alors que I'oxyde nitrique va
provoquer des phénomenes de S-nitrosylation et I'apparition de nitrosothiols (SNO)
(4a).

Dans la plupart des protéines, les cystéines et les méthionines sont
généralement présentes en faible quantité relativement aux autres acides aminés
mais leur présence et leur intégrité sont néanmoins essentielles pour la structure et
le fonctionnement de ces protéines. Les cystéines ont notamment la capacité de lier
des métaux et de participer au centre actif de nombreuses enzymes et transporteurs
d'électrons. Lors de la biosynthese des protéines, les cystéines sont intégrées a I'état
réduit et la formation des ponts disulfures n’est possible que lorsque les thiols
présents dans la chaine latérale sont suffisamment proches dans I'espace,
généralement a des distances avoisinant 2A. Les ponts disulfures ainsi constitués
sont des éléments essentiels non seulement pour le maintien de la structure de
certaines protéines, mais aussi quelquefois pour leur activité. Lorsqu'une association
défavorable se produit, conduisant a un polypeptide incorrectement assemblé, les
ponts disulfures doivent étre isomeérisés. Cette fonction est assurée au niveau du
réticulum endoplasmique principalement par les protéines disulfide isomérases (PDI)

chez les eucaryotes et par la protéine DsbC chez les procaryotes (Debarbieux &
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Beckwith, 1999 ; Frand et al., 2000 ; Collet et al., 2002). Ces deux protéines de la
famille des oxydoréductases réalisent ces isomérisations de ponts disulfures du fait
de leur potentiel rédox élevé et de la nature de leur site actif (Figure 5). De maniéere
générale, plus le potentiel rédox du site actif d’'une protéine est bas, plus elle a des

aptitudes réductrices (Chivers et al., 1997 ; Mossner et al., 1999).

DsbAT? G

b Grx3 | Treppr®

DsbA? DsbC”  porc Jﬁ&‘dﬁd 1 GSH Tr:e NADPH'
v i

E'=-125 -150 -175 -200 l -225 -250 -275 -300 l -325 =350 mV

| L L 1 1 1 L 1 1 1

I ] | || | T ] | I 1

Figure 5: Potentiel rédox des protéines de la famille des oxydoréductases
(d’aprés Aslund et al., 1997).

Un autre phénomene essentiel pour le fonctionnement cellulaire est la réduction
de ces ponts disulfures. En effet, leur formation dans le cytosol n'est qu'un état
transitoire puisqu’'un certain nombre de molécules enzymatiques et non
enzymatiques ont pour fonction de maintenir I'environnement intracellulaire réduit.
Ainsi, certaines protéines oscillent en permanence entre un état réduit et un état
oxydé. Il est généralement admis que les protéines intracellulaires ne possedent pas

ou peu de ponts disulfures contrairement aux protéines extracellulaires.

Face aux diverses espéces oxydantes, la cellule dispose d’au moins deux
stratégies de défense, soit détruire ces différentes entités oxydantes, soit réparer les
dommages ou changements engendrés par ces molécules. De nombreuses
enzymes, elles-méme soumises a ces modifications, sont capables d’effectuer ces
réactions de défense. Parmi celles-ci, certaines doivent étre réduites pour agir. Il
existe ainsi deux systemes enzymatiques principaux a l'origine de la réduction des
ponts disulfures dans les protéines, les systémes thiorédoxine (Trx) et glutarédoxine
(Grx). Ces protéines, qui appartiennent a la famille des oxydoréductases,
fonctionnent principalement par des échanges dithiols-disulfures avec leurs
partenaires. Outre ces deux systémes enzymatiques, un certain nombre d’autres

molécules ont un réle crucial a jouer. Il s’agit essentiellement du glutathion (GSH) et
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de [Il'ascorbate, mais aussi de [lo-tocophérol par exemple. La synthése
bibliographique qui suit, articulée autour de quatre articles de revue résumant
I'essentiel des données acquises chez les végétaux, a pour but de décrire non
seulement le fonctionnement de ces systémes réducteurs (Trx et Grx) mais aussi
leur capacité a régénérer deux types d’enzymes cibles impliquées dans la lutte anti-
oxydante. Ce sont des peroxydases Trx ou Grx dépendantes appelées
peroxyrédoxines (Prx), qui réduisent le peroxyde d’hydrogéne et différents alkyles ou
lipides hydroperoxydes, et des méthionine sulfoxyde réductases (Msr) qui ont pour
fonction essentielle de réduire des méthionine sulfoxydes (MetSO) en méthionine
(Met).

Ce manuscrit décrira en priorité les informations fournies par les études sur
les plantes, en incluant, lorsque les articles de synthése sont devenus incomplets,
les avancées récentes dans le domaine végétal. Mettant a profit le séquencage
complet du génome d’Arabidopsis thaliana, les séquences végétales présentées
pour décrire les différentes familles de protéines seront celles d’A. thaliana, trouvées
dans la base de donnée MATDB (MIPS (Munich information center for protein
sequences) Arabidopsis thaliana  database), a [Il'adresse suivante:
http://mips.gsf.de/proj/thal/db/index.html. Par ailleurs, les Msr végétales étant tres
peu caractérisées, les informations obtenues chez divers autres organismes seront

principalement décrites.

1. Les molécules réductrices non enzymatiques

Ces molécules, a fort pouvoir anti-oxydant, telles que le GSH, l'acide
ascorbique (vitamine C) ou l'a-tocophérol (vitamine E) agissent soit directement sur
les especes oxydantes, soit indirectement en activant un certain nombre d’enzymes
aux propriétés anti-oxydantes (Noctor & Foyer, 1998). De plus, I'équilibre entre les
états de réduction ou d’oxydation de ces molécules est gouverné par le cycle de

régénération ascorbate-glutathion (Figure 6) (Asada, 1999).
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NADP* NADPH+H*
\(&E) f/
2GSH == "—__";'_‘.__',_:_:‘_'_': GSSG
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Mon- enzymlcl? (MDH\‘-\ AA
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NADPH+H™
MDHA

— (A®

/ N

H,O0,

(sob),
0,” + 0, + 2HY—
0, —~

~Siectron donation to oxygen
Figure 6 : Cycle ascorbate glutathion (Noctor & Foyer, 1998).

Les abreéviations utilisées sont :

AA : ascorbate, APX : ascorbate peroxydase, DHA : déhydroascorbate, DHAR :
déhydroascorbate réductase, GR : glutathion reductase, GSH : glutathion réduit,
GSSG : glutathion oxydé, MDHA : monodéhydroascorbate, MDHAR

monodéhydroascorbate réductase, SOD : superoxyde dismutase.

1.1 Le glutathion

Le glutathion sous forme réduite (GSH) est un tripeptide, formé d’'un résidu g
glutamyl, couplé & un résidu cystéinyl, lui-méme lié a un résidu glycinyl (Figure 7).
C’est la source majeure de thiols non protéique dans les cellules. Il est maintenu
réduit par I'action d'une GR NADPH dépendante. La forme oxydée consiste en la
liasison de deux molécules par un pont disulfure au niveau des cystéines. La
concentration du GSH dans les chloroplastes est de I'ordre de 5 mM et il est trés
majoritairement sous forme réduite (90% en général) (Noctor & Foyer, 1998). Son
action anti-oxydante se déroule a différents niveaux. Il peut réduire directement
certaines especes oxygéneées réactives. De plus, il intervient dans la réduction

enzymatique du déhydroascorbate (DHA) en ascorbate par la déhydroascorbate
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réductase (DHAR) (Figure 6) (Asada, 1999). Il sert également de réducteur a de
nombreuses enzymes, des Grx, des glutathion peroxydases (Gpx), des glutathion-S-
transférases (GST), et via les Grx a certaines Prx (Beeor-Tzahar et al., 1995;
Mullineaux et al., 1998 ; Dixon et al., 2002 ; ce travail). De nombreux travaux ont
démontré I'importance du GSH dans les mécanismes de défense des plantes (pour
revue Noctor & Foyer, 1998). Un exemple concernant le peuplier indique que la
surexpression de la GR dans les chloroplastes augmente la résistance de cet arbre

face a un stress photo-oxydant (Foyer et al., 1995).

Gamma -L- L- Glycinyl
Glutamyl (@) Cystéinyl (@)
11 11
+HsN —CH —CH —CH, —C —NH —CH — C —=NH —CH; — COO
| |
COO- CH»
|
a SH
0 T
11 11
+*HsN — CH — CH —CH, —C —NH —CH — C —=NH —CH; -— COO-
| |
COO- CH,
|
S
b 1
S
|
(@) CH, (@)
il | 11
+HsN — CH — CH; —CH, —C —NH —CH — C —=NH —CH; -— COO
|
COO-

Figure 7 : Glutathion réduit (GSH) (a) et oxydé (GSSG) (b).

1.2 L’ascorbate

L’'ascorbate représente une des molécules les plus abondantes du
chloroplaste. Comme le GSH, il est essentiellement sous forme réduite et présent a
des concentrations généralement comprises entre 20 et 50 mM dans des conditions
métaboliqgues non oxydantes (Foyer et al., 1983). L'ascorbate peut jouer un réle
direct dans la lutte contre les espéces réactives, en réduisant les anions
superoxydes et les radicaux hydroxyles, mais il peut aussi servir a réduire différentes

Apx chloroplastiques ou cytosoliques (Asada, 1992 ; Buettner & Jurkiewicz, 1996). Il
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peut également participer a la régénération du radical tocophérol en a-tocophérol
(Padh, 1990). En effet, I'a-tocophérol peut agir soit sur les anions superoxydes ou
radicaux hydroxyles, soit sur les lipides hydroperoxydes, se retrouvant ensuite
transformé en un cation radicalaire (Liebler et al., 1986). A la suite de son action,
I'ascorbate est oxydé en un radical monodéhydroascorbate (MDHA) (Figure 8). La
réaction entre deux radicaux MDHA aboutit a la formation d'un ascorbate et d’'un
DHA. Une enzyme NADPH dépendante, la MDHA réductase peut également
effectuer cette réaction (Noctor & Foyer, 1998). Par ailleurs, une enzyme NADPH et
GSH dépendante, la DHAR catalyse la réduction du DHA en ascorbate (Foyer &
Mullineaux, 1998).

02 H202

OH OH OH O° o o

e 1 é — é i . It
E/ \C—O z/ \C—O ——a> 2/ \C—O
N 2x o~ Tx (No~”

HOCH HO(l:H H0(|:H
CH20H CH20H CH20H
‘\1_)(_/
Asc MDHA - DHA

Figure 8 : Etats d’oxydation de I'acide ascorbique.

Sous l'action d’especes oxygénées réactives, I'ascorbate (Asc) peut étre oxydé
en un radical monodéhydroascorbate (MDHA"), lui-méme pouvant étre oxydé en

DHA (Baier & Dietz, 1999).

2. Les différents systemes réducteurs, thiorédoxine et glutarédoxine

De nombreuses isoformes des Trx et des Grx existent dans différents
compartiments cellulaires. Le séquencage complet du génome d'A. thaliana indique
gu'il existe au moins 26 genes codant pour des Trx et 29 pour des Grx. Parmi les
Trx, au moins 9 sont cytosoliques, 9 chloroplastiques, 2 mitochondriales et 2
monocystéiniques de localisation indéterminée (Tableau 1) (pour revue sur la
classification des Trx voir Meyer et al., 2002). Parmi les Grx, 14 sont bicystéiniques
et 15 monocystéiniques (Tableau |, Figure 9). Cette répartition partagée entre les 2

types d’isoformes s’explique par le fait que les Grx peuvent fonctionner en présence
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de GSH selon un mode dithiol, de maniere analogue aux Trx, ou selon un mode
monothiol (Gravina & Mieyal, 1993). Par contre, tres peu d’isoformes de Trx sont
monocysteiniques car ces enzymes ne fonctionnent a priori qu'avec les deux
cystéines du site actif. On peut s’interroger d’'une part sur la fonction de ces Trx
monocystéiniques et d’autre part sur I'intérét d’'une telle redondance entre les Trx et
Grx pour les organismes. Un début de réponse sur la redondance entre les
isoformes de Trx consiste a dire que les localisations de certaines isoformes sont
différentes et que des spécificités de reconnaissance in vivo existent entre ces
différents réducteurs et leurs cibles méme si cette spécificité n’est pas toujours
observable in vitro (Mouaheb et al., 1998 ; Brehelin et al., 2000 ; Santandrea et al.,
2002).

Numéros Longueur Localisation Site actif
d’accession
Thiorédoxines h
hl At3g51030 114 cytosolique WCGPC
h2 At5939950 133 cytosolique WCGPC
h3 At5g42980 118 cytosolique WCPPC
h4 At1g19730 125 cytosolique WCPPC
h5 Atlg45145 118 cytosolique WCPPC
h7 At1g59730 129 cytosolique WCGPC
h8 At1g69880 148 cytosolique WCGPC
h9 At3g08710 140 cytosolique WCGPC
TDX At3g17880 163 cytosolique WCGPC
Thiorédoxines m
m1l At1g03680 179 chloroplastique WCGPC
m2 At4g03520 186 chloroplastique WCGPC
m3 At2g15570 173 chloroplastique WCGPC
m4 At3g15360 193 chloroplastique WCGPC
Thiorédoxines f
f1 At39g02730 178 chloroplastique WCGPC
f2 At5g16400 185 chloroplastique WCGPC
Thiorédoxines y
yl Atlg76760 151 chloroplastique WCGPC
y2 At1g43560 162 chloroplastique WCGPC
Thiorédoxines o
ol At2g35010 194 mitochondriale WCGPC
02 At1g31020 159 mitochondriale WCGPC
Thiorédoxine x At1g50320 171 chloroplastique WCGPC
Thiorédoxines type Lilium
Lilium 1 At1g08570 245 cytosolique GCGGC
Lilium 2 At4g26160 220 ? WCGSC
Lilium 3 At5g61440 234 ? GCGGC
Lilium 4 At2g33270 242 ? SCGGC
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Thiorédoxines monocystéiniques

CxxS1 At2g40790
CxxS2 At1g11530
Glutarédoxines bicystéiniques
CxxC1 At5g63030
CxxC2 At5g40370
CxxC3 Atlg77370
CxxC4 At5g20500
CxxC5 At4g28730
CxxC6 At4g33040
CxxC7 At3g02000
CxxC8 At5g14070
CxxC9 At1g28480
CxxC10 At5g11930
CxxC11 At3g62950
CxxC12 At2g47870
CxxC13 At2g47880
CxxC14 At3g62960
Glutarédoxines monocystéiniques
CxxS1 At1g03020
CxxS2 At5g18600
CxxS3 At4g15700
CxxS4 At4g15680
CxxS5 At4g15690
CxxS6 At3g62930
CxxS7 At4g15670
CxxS8 At4g15660
CxxS9 At2g30540
CxxS10 At3g21460
CxxS11 At1g06830
CxxS12 At2g20270
CxxS13 At3g54900
CxxS14 At1g03850
CxxS15 At3g15660

178
118

125
111
130
135
174
144
136
140
137
145
103
103
102
102

102
102
102
102
102
102
102
102
102
102

99
179
173
150
169

cytosolique
cytosolique

cytosolique
cytosolique
cytosolique
cytosolique

chloroplastique

cytosolique
cytosolique
cytosolique
cytosolique

chloroplastique

cytosolique
cytosolique
cytosolique
cytosolique

cytosolique
cytosolique
cytosolique
cytosolique
cytosolique
cytosolique
cytosolique
cytosolique
cytosolique

mitochondriale

cytosolique

chloroplastique
chloroplastique
chloroplastique
mitochondriale

WCLPS
WCIPS

YCGYC
YCPYC
YCPYC
YCPYC
WCSYC
SCCMC
TCCMC
TCCMC
GCCMC
SCCMC
SCCMC
SCCMC
SCCLC
SCCLC

SCCMS
SCCMS
SCCMS
SCCMS
SCCMS
SCCMS
SCCMS
SCCMS
SCCMS
TCCMS
SCCLS

WCSYS
MCGFS
GCCLG
QCGFS

Tableau | : Les différentes isoformes de Trx et de Grx d’A. thaliana.

Pour chaque séquence sont précisés le numéro d’accession, la longueur de la

protéine en acides aminés, la localisation certaine ou présumée et enfin la

séquence du site actif. Les données sur les Trx sont essentiellement issues de

Meyer et al., 2002 et Lemaire et al.,, 2003. Les Trx yl et y2 ont été appelées

également Trx ch2-1 et ch2-2. Les localisations des Grx sont toutes prédites

essentiellement a partir des programmes de prédiction suivants:

Target P (http://www.cbs.dtu.dk/services/TargetP)

Predotar (http://www.inra.fr/predotar)

Mitop (http://www.mips.biochem.mpg.de/cgi-bin/proj/medgen/mitofilter).
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CxxS1 SCCMBHSI KSLI SGYGANSTVYELDEM SNGPEI ERALVELGCKP- - - - - - - - TVPAVFI GQELVGGANQLVSLQVRNQLASLLRRAGAI W - - - - - - -
CxxS2  SCCMBHTI KTLLCDFGANPAVYELDEI - SRGREI EQALLRLGCSP- - - - - - - - AVPGVFI GGELVGGANEVMSLHLNGSLI PMLKRAGALW/- - - - - - -
CxxS3  SCCMBHTI KTLFLDLGVNPTI YELDEI - SRGKEI EHALAQLGCSP- - - - - - - - TVPVVFI GGQLVGGANQVVSL HLNRSL VPMLKRAGALW - - - - - - -
CxxS4  SCCMBHTI KTLFI DFGVNPTI YELDEI - NRGKEI EQALAQLGCSP- - - - - - - - TVPVVFI GGQLVGGANQVVSL HLNRSLVPMLKRVGALW. - - - - - - -
CxxS5 SCCMBHTI KTLFLDFGVNPTI YELDEI - NI GREI EQALAQLGCSP- - - - - - - - TVPVVFI GGQLVGGANQVVSL HLNRSL VPMLKRAGALW. - - - - - - -
CxxS6  SCCMBHSI QTLI SGFGAKMTVYEL DQF- SNGQEI EKALVQMGCKP- - - - - - - - SVPAVFI GQOFI GGANQVMTIL QVKNQLAAMLRRAGAI W/- - - - - - -
CxxS7  SCCMBHTI KTLFLDLGVNPTI YELDEI - NRGKEI EQALAQLGCSP- - - - - - - - TVPVVFI GGQLVGGANQVMSLHLNRSLI PMLKRVGALW. - - - - - - -
CxxS8 QCGHSSLAVRVLQQYNVPI SSRNI LED- - - - QELKNAVKSFSHWP- - - - - - - - TFPQ FI KGEFI GGSDI | LNVHKEGEL EQKLKDVSGNQD- - - - - - -
CxxS9  SCCMBYAVQVLFQDLGVHPTVHEI DKD- PECREI EKALMRLGCST- - - - - - - - PVPAI FVGGKLI GSTNEVMSLHLSGSLVPLVKPFQANLG- - - - - - -
CxxS10 TCCMBHAI KRLFYEQGVSPAI VEI DQD- MYGKDI EWALARLGCSP- - - - - - - - TVPAVFVGEKFVGTANTVMILHLNGSLKI LLKEAGALW. - - - - - - -
CxxS11 SCCLSYAVQVLFQDLGVNPKI HEI DKD- PECREI EKALMRLGCSK- - - - - - - - PVPAVFI GGKLVGSTNEVMSMHLSSSLVPLVKPYLG- - - - - - - - - -
CxxS12 WCSYSSQVKSLFKSLQVEPLVVEL DQLGSEGSQLONVLEKI TEQY- - - - - - - - TVPNVFI GGKHI GGCSDTLQLHNKGEL EAI LAEANGKNGQT - - - - -
CxxS13 MCGHSNTWQ LKNLNVPFEDVNI LEN- - - - EMLRQGLKEYSNWP- - - - - - - - TFPQLYI GGEFFGGCDI TLEAFKTGEL QEEVEKAMCS- - - - - - - - -
CxxS14 GCCLGHVAKRLLLTHGVNPVVVEI GEE- - DNNNYDNI VSD- - - KE- - - - - - - - KLPMWYI GGKLFGGLENLVAAHI NGDLVPTLRQAGALWL.- - - - - - -
CxxS15 SCCMBHTI KTLFLDLGVNPTI YELDEI - NRGKEI EYALAQLGCSP- - - - - - - - TVPVVFI GGQLVGGANQVVSLHLNRSLI PMLKRFGALW. - - - - - - -

Figure 9 : Alignement de séquence des Grx d’A. thaliana.

En gris clair, les acides aminés strictement conserves et notamment la premiére
cystéine catalytique. En gris fonce, la deuxieme cystéine du site actif des Grx
bicystéiniques ou la sérine du site actif des Grx monocystéiniques. La séquence
CxxS14 possede une glycine a la place de la sérine, mais possede par ailleurs
toutes les caractéristiques d’'une Grx.
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Les trois articles de revue suivants traitent de fagon non exhaustive des
différents modes de réduction des Trx et Grx de plantes, de leurs structures et de
leurs fonctions. Ces systemes sont tres bien caractérisés chez les organismes
bactériens et animaux mais les connaissances acquises chez ces organismes ne

seront pas détaillées dans ce manuscrit.
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Article numéro 1 :
Jacquot JP, Rouhier N, Gelhaye E. (2002)

Redox control by dithiol-disulfide exchange in plants: |I. The chloroplastic

systems.
Ann. N. Y. Acad. Sci. 973:508-19.

Cet article présente les voies de régulation rédox par échange dithiol-disulfure
dans les chloroplastes. Il décrit la composition et le fonctionnement d'une chaine de
régulation appelée le systeme ferrédoxine-thiorédoxine qui comprend le transport
photosynthétique d'électrons, et trois protéines solubles, la ferrédoxine, la
ferrédoxine-thiorédoxine réductase, et les Trx. La structure de ces protéines et leur
mode d’interaction sont détaillés. Le mécanismes enzymatique qui est impliqué dans
ces régulations est basé sur des cascades d'échanges dithiol-disulfure dans
lesquelles une protéine se trouve oxydeée alors que le partenaire est réduit. Dans la
deuxieme partie de cet article sont détaillées les cibles moléculaires de ces systemes
de régulation chloroplastiqgue. Une attention particuliere est accordée aux enzymes
pour lesquelles il existe a la fois des données biochimiques et structurales (NADP-
MDH et FBPase). Il apparait que la régulation rédox est apparue au cours de
I'évolution et de lI'avénement de la photosynthése oxygenique. Les biocatalyseurs
régulés ont été modifiés par addition ou insertion de séquences régulatrices de petite
taille ou par intégration sélective de cystéines adaptées a créer des ponts disulfures.
Aprés réduction, les enzymes cibles des Trx doivent subir une étape de changement
conformationnel pour aboutir a une configuration active.

Par contre, aucune Grx chloroplastique n’a été caractérisée chez les végétaux
jusqu'a présent, mais la GR et le GSH sont présents en grande quantité dans ce
compartiment cellulaire et certaines séquences d’A. thaliana possedent une

extension N-terminale susceptible de diriger la protéine vers le chloroplaste (Tableau

).
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Redox Control by Dithiol-Disulfide Exchange
in Plants

I. The Chloroplastic Systems

JEAN-PIERRE JACQUOT,? NICOLAS ROUHIER, AND ERIC GELHAYE

Interaction Arbres Microorganismes UA 1136 INRA UHP, Université Henri Poinearé,
BP 230, 54505 Vandoeuvre Cedex, France

ABSTRACT: In plants, the photons of light are absorbed at the level of the photo-
systems in the chloroplasts. The functioning of the photosynthetic electron
transfer chain linked to this process is required to generate NADPH and ATP.
In addition, the light signal promotes a regulatory cascade, situated in the stro-
ma, that involves ferredoxin, ferredoxin-thioredoxin reductase, and thioredox-
ins. This redox-based signal transduction chain allows fine regulation of
stromal enzymes and tight control of the photosynthetic process. The molecu-
lar properties and the functioning of this redox regulatory chain will be de-
scribed in this review.

KEYwWoORDS: dithiol-disulfide exchange; ferredoxin; redox regulation;
thioredoxin

DISCOVERY OF REDOX CONTROL BY DISULFIDE REDUCTION

Based on the observations that di-chloro-methyl-urea (DCMU) inhibits and
dithiothreitol mimicks the light-dependent regulation of chloroplast enzymes, a reg-
ulatory process dependent on dithiol-disulfide exchange reactions has been discov-
ered in higher plants. A biochemical dissection of the regulatory system led to the
identification of three soluble protein components required for the functioning of the
signal transduction chain: an iron-sulfur protein (ferredoxin); an iron-sulfur— and
disulfide-containing protein (ferredoxin-thioredoxin reductase); and a disulfide-con-
taining protein (thioredoxin). A detailed account of how these findings occurred is
given in a very recent paper.! We will present here and in a companion paper (Rouh-
ier et al.,? also published in this volume) a comprehensive overview of the field of
dithiol—disulfide exchange in plants, with special emphasis on the results generated
in the authors’ laboratories.

Address for correspondence: Jean-Pierre Jacquot, Interaction Arbres Microorganismes UMR
1136 INRA UHP, Université Henri Poincaré, BP 230, 54505 Vandoeuvre Cedex, France. Voice:
++33383684225.

j2p@scbiol.uhp-nancy.fr

%Former address: Institut de Biotechnologie des Plantes; Université de Paris-Sud, 91405 Orsay
Cedex, France.

ABBREVIATIONS: FBPase, fructose,1-6,bisphosphate phosphatase; Fd, ferredoxin; FTR, ferre-
doxin-thioredoxin reductase; NADP-MDH, NADPH-dependent malate dehydrogenase; Trx,
thioredoxin.

Ann. N.Y. Acad. Sci. 973: 508-519 (2002). © 2002 New York Academy of Sciences.
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FIGURE 1. The chloroplastic ferredoxin-thioredoxin system. The Fe,S, iron-sulfur
centers are symbolized by dark diamonds; the Fe,S, centers, by light diamonds. The hydro-
phobic surface recognition area of FTR and thioredoxin is symbolized by a bold line. The +
and — symbols indicate positive and negative charges.

DESCRIPTION OF THE CHLOROPLASTIC REDUCTION SYSTEMS

FIGURE | summarizes the composition and functioning of the chloroplastic signal
transduction chain uncovered in plants. In the chloroplast system and in the light,
ferredoxin (Fd) is photoreduced by photosystem I and gains one electron, going from
the Fe3*Fe3* form to a Fe*Fe3* form. The reducing power is transmitted to the dis-
ulfide bridge of ferredoxin thioredoxin reductase (FTR) in a step that requires a sta-
bilization via the iron-sulfur center of FTR. The dithiol of FTR is then able to reduce
the disulfide bond of thioredoxin (Trx) with concomitant reoxidation of FTR. The
last step of the cascade is the reduction of disulfide bridges on target enzymes with
reoxidation of thioredoxin. This chain is functional because light is constantly bring-
ing photons and regenerating the oxidized species generated in the functioning of the
system. The cytosolic and mitochondrial thioredoxin systems of plants will be de-
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scribed in the companion paper by Rouhier ez al.? Several reviews have been devoted
to the subject of redox regulation via dithioldisulfide exchange in plants.3* This re-
view will detail the molecular mechanisms involved in the transmission of the redox
signal in the chloroplastic redox regulatory chain. The description of the structures,
functions, and protein—protein interaction properties of each of the individual com-
ponents will be especially detailed.

FERREDOXIN: A KEY COMPONENT CONTROLLING THE
DISTRIBUTION OF REDUCING POWER

Plant stromatic soluble ferredoxin belongs to a subclass of iron-sulfur proteins.
The chloroplastic protein is a very small protein (ca. 98 amino acids) encoded by nu-
clear genes as a higher molecular weight precursor that is processed upon entry in
the chloroplast. The sequence of Fd is extremely conserved among species from cy-
anobacteria to higher plants.> This protein contains a Fe,S, iron-sulfur center with
a very low redox potential (ca. —420 mV). In higher plants, it is able to accept one
electron from photosystem I, shifting from the oxidized state (Fe3*Fe 3*) to a re-
duced state (Fe?*Fe 3*). Ferredoxin is composed of a central pleated P sheet sur-
rounded by three o helices, each of these helices being surface accessible and
containing conserved negative charges. The iron-sulfur center is situated close to the
C terminal helix a3. Ferredoxin is a stromatic soluble protein component that is able
to dock to PSI by making molecular contacts with the subunits encoded by the psaC,
psaD, and psaF genes.® The PsaC subunit is very important because it contains the
the two terminal electron acceptors of PSI, the iron-sulfur centers FA and FB. A crit-
ical Lys residue of PsaC has been shown to be responsible for an adequate binding
of ferredoxin to PSI.7 It is generally assumed that the interaction of ferredoxin with
PSI is based on electrostatic interactions, with negative charges of ferredoxin match-
ing positive charges of PSI. When reduced, ferredoxin is able to separate from PSI
and bind to its many electron acceptors. Ferredoxin is indeed a key component for
the distribution of the reducing power in the chloroplast, since it donates electrons
to ferredoxin NADP reductase for NADPH production, to sulfite reductase for the
incorporation of sulfur into organic compounds, to nitrite reductase and GOGAT
(two enzymes involved in inorganic nitrogen assimilation), and to ferredoxin-thiore-
doxin reductase, to name just a few. Several of these protein—protein interactions
have been described in detail through site-directed mutagenesis or via the elucida-
tion of the three-dimensional structure of the complexes.>8-11 All results point out
to the major role played by the electrostatic interactions in these contacts. It is be-
lieved that once ferredoxin has become close to its protein partners through the
strong electrostatic interactions, a “fine tuning’ of the fit between the two proteins
can occur through additional hydrophobic interactions. 12

THE ELECTRONIC SIGNAL IS CONVERTED INTO A DISULFIDE
REDUCTION AT THE LEVEL OF FTR

FTR is a heterodimeric enzyme present exclusively in photosynthetic organisms
ranging from cyanobacteria to higher plants.!3 Both subunits are encoded by nuclear
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genes. One subunit has a constant size (ca. 13 kDa) and bears the catalytic sites; the
second subunit varies in size according to the species (from 7 kDa in cyanobacteria
to 11 kDa in higher plants).!# The three-dimensional structure of the Synechocystis
enzyme has recently been solved.!3 The enzyme has the shape of a biconcave disc
with binding sites to ferredoxin on one side and to thioredoxin on the other side. As
for other ferredoxin-dependent enzymes, it was shown by cross-linking experiments
and site-directed mutagenesis that the Fd/FTR interaction involves specific electro-
static interactions, with positive charges of FTR matching the negative charges of
Fd. The presence of a crucial Glu residue necessary for an adequate binding in the
C terminal a3 helix of Fd has been clearly demonstrated.!® The corresponding pos-
itive charges of FTR have not yet been identified. It is speculated that when Fd binds
to FTR through these electrostatic interactions, this brings the iron-sulfur center of
ferredoxin into close proximity with the redox-active center of FTR (see FiG. 1).
This center is composed of a high redox potential (above +420 mV) Fe,S, iron-sul-
fur center and of a disulfide bridge (with a redox potential of —320 mV). Because of
its electropositive value, the iron-sulfur center of FTR cannot participate directly in
catalysis. Rather, it helps stabilize the semireduced form of the disulfide bridge of
FTR in a redox mechanism unique to this class of enzymes. FTR is a unique enzyme
because it converts a monoelectronic signal from Fd (which carries only one elec-
tron) into a dielectronic signal needed for the reduction of the disulfide bridge. It is
thus postulated that the enzyme will first “stock™ one electron from Fd and then use
a second Fd molecule to perform the full reduction of the disulfide.!® The three-di-
mensional crystallographic structure reveals that the Fe4S4 center and the disulfide
bridge are situated in close proximity, in agreement with the postulated mechanism.
In addition, the disulfide bridge is close to the surface of the Trx interaction site.
Overall, the structure of FTR seems to be extremely well adapted to the electron
transfer with defined contact sites with the two interacting partner proteins and an
optimization of the distances between the catalytic sites.

THE DITHIOL-DISULFIDE EXCHANGE REACTIONS START AT THE
LEVEL OF THE FTR-THIOREDOXIN INTERACTION

Based on amino acid sequences and target specificity, there are at least two types
of thioredoxins in higher plant chloroplasts. One type, called thioredoxin f, is the se-
lective activator of the chloroplastic fructose-1,6-bisphosphatase; the other type,
thioredoxin m, is a good activator of NADP-malate dehydrogenase.!? In addition,
new and possibly chloroplastic sequences have emerged that have been called thiore-
doxin x.18 Like all thioredoxins, the chloroplastic thioredoxins contain about 110
amino acids and are encoded by nuclear genes in higher plants. These proteins are
known to be extremely stable, presumably because of a high degree of secondary
structure relative to the overall length of the protein. The chloroplastic thioredoxins
have a very conserved active site (WCGPC[R/K]) that shows a very high reactivity
in the reduction of disulfide bridges on other proteins.1? Several crystallographic and
NMR structures have been described for thioredoxins in higher plants and green al-
gae 2021 All proteins share the same fold, with a central pleated [} sheet containing
five strands surrounded by « helices. The active site is situated between the second-




Introduction

512 ANNALS NEW YORK ACADEMY OF SCIENCES

SH ? Target
SH S 7\ _protein
X
SH — HS 7\ protein
@ ? HS /" Target
S HS ~ \ protein

FIGURE 2, Catalytic mechanism of thioredoxin.

ary elements 2 and a3. The sulfur group of the catalytic cysteine is situated close
to the surface of the enzyme, and the “backup” cysteine is more deeply buried. A key
tryptophan residue located on the surface of the protein and an internal conserved
Asp residue with an unusually high pK value are likely to be responsible for the very
high reducing capacity of those proteins as observed in other nonphotosynthetic
thioredoxins. The redox potentials of the chloroplastic thioredoxins have been titrat-
ed and found to be close to —300 mV.22 The sites of interaction of Trx with its partner
proteins have been studied. Trx certainly comprises hydrophobic residues that sur-
round the active site (including the conserved Trp) as well as additional positive
charges in the case of the very specific thioredoxin f/FBPase interaction.23:+4

THIOREDOXINS REDUCE THE TARGET ENZYMES BY SIMILAR
DITHIOL-DISULFIDE EXCHANGE REACTIONS

After they have been reduced in the light via the ferredoxin thioredoxin reductase,
the active site of thioredoxin shifts into a dithiol form (see Fi1G. 1). As explained
above, one of the thiols is the attacking cysteine, and the second one is the backup
cysteine. The attacking cysteine, which presumably has a much lower pK, and is
more surface accessible, will attack the disulfide of the target enzymes, forming a
transitory disulfide. This disulfide is then broken by the backup thiol of Trx with sub-
sequent release of the reduced target enzyme and oxidation of the Trx molecule (FiG.
2). As a consequence, the preparation of monocysteinic mutants of Trx lacking the
backup cysteine (integration of a Ser or Ala residue instead) results in molecular
forms that will be able to bind covalently the target proteins via a mixed disulfide.
This property has been used successfully to isolate several target enzymes of thiore-
doxins in plants.25-26
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FIGURE 3. Models showing the alterations in primary struture of redox regulatory en-
zymes. Model 1 (top) shows additions at the N and C terminals of regulatory sequences
(NADP-MDH). Model 2 (middle) shows insertion of a regulatory sequence (FBPase, CF1 AT-
Pase). Model 3 (bottom) shows integration of selected cysteines (G6PDH, SBPase, PRK).

REDUCTION AND ACTIVATION OF THE TARGET ENZYMES:
THE NEED FOR A SLOW CONFORMATIONAL CHANGE

Nearly all of the chloroplastic enzymes that are regulated via disulfide reduction
are activated, except for the chloroplastic glucose-6-phosphate dehydrogenase
(G6PDH), the activity of which decreases in the light.2” In higher plants, the redox
regulatory enzymes are encoded by nuclear genes, and many of these enzymes have
cytosolic counterparts that are constitutively active. Elucidations of the molecular
mechanisms of regulation of these proteins are based in part on sequence compari-
sons versus the unregulated cytosolic forms. It has been observed that the sequences
probably evolve from a common ancestor and that redox regulation has been gained
through the addition (at the N and C terminals, NADP-malate dehydrogenase) or in-
tegration (FBPase, CF1-ATPase) of small redox regulatory modules (F1G. 3). In the
above examples, these modules are short amino acid sequences (ca. 10-30 amino ac-
ids) that contain critical cysteine residues linked in a disulfide bridge.?8-30 In the
other well-documented enzymes (sedoheptulose-1,7-bisphosphate phosphatase,
G6PDH, phosphoribulokinase), there is no such addition or integration of regulatory
modules; the evolution process has simply replaced selected amino acids with criti-
cal cysteine residues that form a disulfide bridge in the oxidized state.31-33 (A de-
tailed account of the primary structures of the redox-regulated enzymes was given in
a previous review.%) It has been shown that the regulation of the redox-dependent en-
zymes is reduction dependent and that at least one disulfide bridge of the target
needs to be reduced by thioredoxin. The redox potentials of several of those regula-
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FIGURE 4. Rates of reduction and catalysis of redox regulatory enzymes.

tory disulfide bonds have been titrated especially for FBPase and NADP-malate de-
hydrogenase. The values range from —320 to —280 mV, indicating that they are
nearly in redox equilibrium with thioredoxin. In the case of F BPase, the differential
is even unfavorable, and it is quite clear that the reaction occurs simply because there
is a constant pressure of the electron flow in the light.3*3% A very peculiar property
of the regulation process is that although the appearance of the catalytic activity is
clearly dependent on the reduction of the disulfide bridge, it is temporally complete-
ly disconnected from the reduction (F1G. 4).3% A more detailed explanation for this
disconnection concerning NADP-malate dehydrogenase and FBPase is given below.

NADP-MALATE DEHYDROGENASE

The NADP-malate dehydrogenase (NADP-MDH) is an enzyme that catalyzes
the reduction of oxaloacetate into malate in the presence of NADPH. In C, type
plants, it is involved in the cycle responsible for the primary fixation of carbon; in
C3 type plants, in mechanisms involved in the shuttling of reducing equivalents
through the chloroplastic envelope. A fairly good understanding of the molecular
mechanisms leading to the activation of NADP-MDH has been obtained through ex-
periments based on site-directed mutagenesis and also by elucidating the three-di-
mensional structure of the enzyme. It has been shown that the protein contains two
regulatory additions, one at the N terminus and the second one at the C terminus (see
model 1 in F1G. 3). Each of these insertions contains a regulatory disulfide bridge,
and since the functional enzyme is a dimer, it contains four regulatory disulfides.




Introduction

JACQUOT et al.: CHLOROPLASTIC THIOREDOXIN SYSTEM 515

§—s

REDUCTION

Oxidized inactive \

SH SH

e CONFORMATIONAL
Reduced inactive \ CHANGE
SH SH

Reduced active

FIGURE 5. Model for the redox regulation of chloroplastic NADP-MDH and FBPase.
The active site in the closed conformation is symbolyzed by a triangle in the open confor-
mation, by a rectangle. The conformational change of the enzyme is symbolized by the al—
teration from the ovoid to the near-rectangular state.

The N terminus disulfide bridge controls the rate of activation of the enzyme, and it
was observed that when this bridge is destroyed by replacing the cysteines with
serines, the enzyme is much more quickly activated.37-38 The C terminus of the en-
zyme also contains a disulfide. In the oxidized form it adopts a conformation similar
to the one of the substrate, oxaloacetate, and it is able to occupy the pocket of the
active site where the binding occurs.3%:4? The oxidized enzyme is thus locked in an
inactive conformation because the binding of oxaloacetate is prevented by the C ter-
minal extension of the protein. It is thus a typical example of an autoinhibiting en-
zyme. It is believed, but not yet proved, that once the C terminus disulfide is reduced,
it displaces from the oxaloacetate binding site and opens the way to the substrate
(F1G. 5). The regulatory process has been shown to be quite complex since it involves
both a reduction of the N and C terminal disulfide bridges and also a subsequent tran-
sitory isomerization of the disulfide bonding involving a cysteine of the N terminus
and another one present outside the two amino acid additions.*? The need for these
subsequent movements in the protein, following reduction, explains the phase differ-
ence observed in FIGURE 5.
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FRUCTOSE-1,6-BISPHOSPHATE PHOSPHATASE

Fructose-1,6-bisphosphate phosphatase (FBPase) is a protein that is a key regu-
latory component of the photosynthetic carbon reduction cycle, otherwise known as
the Calvin cycle. In the presence of Mg?*, this enzyme converts fructose-1,6-bispho-
sphate into fructose-6-phosphate with the concomitant release of inorganic phos-
phate. FBPase is a rather unusual regulatory enzyme because it is active either in the
reduced state or in the oxidized state. When the Mg2* concentration is low in the re-
action medium, only the reduced form is active; but when the MgZ* concentration is
increased to unphysiological levels (above 10 mM), the oxidized enzyme becomes
catalytically competent. The physiological activator of FBPase is thioredoxin f. (The
interaction sites between the two proteins have been studied in detail.) In addition to
the previously mentioned hydrophobic contacts, the selectivity of the Trx f~FBPase
interaction relies also on complementary electrostatic charges, positive on thiore-
doxin f and negative on FBPase.24#! Analysis of the primary structure of the regu-
lated enzyme versus the cytosolic, constitutively active form reveals an insertion of
ca. 30 amino acids, an insertion that contains three conserved Cys residues. Site-di-
rected mutagenesis combined with the elucidation of the crystallographic structure
have indicated that two of these residues, separated by 20 amino acids, are indeed
engaged in a disulfide bond.#243 The chloroplastic protein is a homotetramer with
an overall molecular mass of 160 kDa. Each of the regulatory insertions is situated
on a solvent-accessible flexible loop, distant from the active site. A comparison of
the structures of the oxidized inactive and reduced active enzymes helps explain the
regulation of the enzyme.43:44 It is postulated that once the enzyme is reduced via
thioredoxin f, the regulatory loop changes orientation, and this in turn induces a
movement of two B strands (B1 and 2) that shift from a parallel to an antiparallel
conformation. This is likely to cause a displacement of the side chain of a Val residue
that is replaced by a glutamate. As this residue, unlike the Val, possesses a charged
carboxyl group on its lateral chain, it is able to bind electrostatically the catalytic ion
and bring it into close proximity to the other substrate fructose-1,6-bisphosphate.
Following those movements of secondary structures and amino acid side chains, the
enzyme becomes catalytically competent. This postulated mechanism of activation
explains why the rates of reduction and of appearance of catalytic competence are
not in phase for FBPase as well.

CONCLUDING REMARKS

Several other chloroplastic enzymes are known to be regulated via the reduction
of disufide bridges, but the molecular nature of the modifications that occur on those
enzymes is not as well documented as the above examples. A quite detailed account
of these findings is reported in a paper by Meyer e al.> The molecular evolution of
the thioredoxin systems in plants is also of great interest. It gives insights on the ra-
tionale behind these light-dependent regulation reactions that seem to be strictly
linked to oxygenic photosynthesis, presumably for fighting oxidizing species. An-
other explanation is the need to avoid futile cycles in eukaryotic compartmented or-
ganisms. These aspects, which cannot be treated here, are developed in several
review papers.3+4
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Cet article de revue fait le point sur les systemes de réduction cytosoliques
Grx et Trx dépendant, et le systeme mitochondrial Trx dépendant chez les plantes.
Dans le cytosol, des Trx particulieres appelées h parce que présentes aussi dans les
tissus hétérotrophes non photosynthétiques sont réduites en présence de NADPH et
d’une flavoprotéine dimérique, la NADPH thiorédoxine réductase (NTR). Comme les
autres Trx, les Trx h ont un site actif conservé du type WC[G/P]PC. Conformément a
'absence observée de sélénoenzymes ches les plantes, La NTR est du type
bactérien et non animal. Il existe un systeme parallele et similaire dans la
mitochondrie qui utilise aussi le NADPH comme donneur et des variantes de la NTR
et de la Trx h. Un systeme réducteur alternatif est le systtme composé du NADPH,
de la GR et de la Grx, protéine structurellement proche des Trx mais qui posséde un
site actif conservé du type YCP[Y/F]C. Dans cet article, les connaissances récentes
concernant les Trx h et les Grx sont rassemblées et discutées. Il est noté que peu de
cibles moléculaires ont été caractérisées pour ces deux systemes. La Prx isolée et
caractérisée dans ce travail de these est 'une des premieres cibles bien décrites.

De la méme maniere que pour le chloroplaste, aucune Grx n’'a été localisée
jusqu'a présent dans les mitochondries de plantes. Toutefois, des Grx
mitochondriales ont été caractérisées chez les levures et les mammiféres
(Gladyshev et al., 2001 ; Lundberg et al., 2001 ; Rodriguez Manzaneque et al., 2002)
et certaines séquences d’A. thaliana pourraient coder des Grx mitochondriales
(Tableau 1). De plus, les fonctions des Grx liées a la réponse au stress oxydatif de
divers organismes sont détaillées ainsi que leurs implications dans les mécanismes

de glutathionylation.
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Université Henri Poincaré BP 239, 54506 Vandoeuvre Cedex, France

ABSTRACT: This paper describes the existence of two pathways efficient in the
reduction of disulfide bridges on selected proteins and mitochondria of photo-
synthetic organisms. The first is constituted by NADPH, the flavoenzyme
NADPH thioredoxin reductase, and thioredoxin; and the second by NADPH,
glutathione reductase, glutathione, and glutaredoxin. Molecular details con-
cerning the proteins participating in these redox regulatory cascades are pro-
vided, and their molecular targets and functions are described.

KEYwORDS: disulfide; glutaredoxin; glutathione; peroxiredoxin; thioredoxin

INTRODUCTION

Many enzymes are regulated by posttranslational modifications, and one of the
most extensively decribed mechanisms is the phosphorylation—dephosphorylation of
hydroxylated residues. Another important biochemical modification is the reversible
oxidoreduction of critical cysteine residues via dithiol-disulfide exchange. In addi-
tion to the chloroplastic system described by Jacquot et al.,! two major systems
maintain the thiol redox state in the cytosol, the thioredoxin (Trx) system, and the
glutathione/glutaredoxin (GSH/Grx) systems. Both systems present many analogies
with those of nonphotosynthetic bacteria and animal systems. The two systems were
originally discovered in Escherichia coli as alternative electron donors to ribonucle-
otide reductase, one of the key enzymes of DNA biosynthesis.2> In both cases,
NADPH is the reductant, and the transmission of the redox signal requires a fla-
voprotein, either NADPH thioredoxin reductase (NTR) or glutathione reductase
(GR). In the following text, we will examine in more detail the structure and function
of these two systems. Some of the functions of the two reducing systems are redun-
dant, as demonstrated notably by mutational studies.* In addition, the reaction mech-
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nrouhier@scbiol.uhp-nancy.fr

ABBREVIATIONS: Grx: glutaredoxin, GR: glutathione reductase, GSH: reduced glutathione,
GSSG: oxidized glutathione, NTR: NADPH thioredoxin reductase, Prx: peroxiredoxins, Trx:
thioredoxin.
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anisms of Trx and Grx differ, essentially in one aspect. The two proteins are able to
reduce disulfide bonds of target proteins with the participation of the two active site
cysteines, as is the case for the reduction of the ribonucleotide reductase; but only
Grx can function in an alternative pathway called the monothiol pathway. In the lat-
ter case, only the most N terminal cysteine of the active site is involved in catalyzing
the reduction of GSH-containing mixed disulfides.’

CYTOSOLIC AND MITOCHONDRIAL TRX SYSTEMS

The NADPH Thioredoxin Reductase of the Cytosol and Mitochondria

The NTR is a homodimeric flavoprotein that is present both in the cytosol and the
mitochondria.®7 Both proteins are encoded by nuclear genes, and the mitochondrial
sequence contains a transit peptide that is subsequently cleaved. The subunits have
a conserved size of 35 kDa. The crystallographic structure of the Arabidopsis
thaliana cytosolic enzyme has been determined.® Each subunit contains two do-
mains: one that is able to bind the NADPH; the other, the flavine adenine dinucle-
otide (FAD) molecule. The NADPH binding domain comprises the central part of
the sequence; the FAD binding domain, the combination of the N and C termini. The
protein exhibits mobility at the level of a hinge consisting of two [ strands. Follow-
ing that rotation, the NADPH binding domain is postulated to be able to get closer
to the isoalloxazine ring of the FAD. Right in front of the isoalloxazine ring lies the
disulfide bridge of NTR with a very conserved sequence, CAVC, which exhibits the
same spacing between the two Cys residues as Trx. One of the sulfurs of the disulfide
bridge is actually closer to the FAD reactive center, and this corresponds to the cat-
alytic cysteine of NTR, the most C terminal one being the “backup” cysteine. Unlike
the iron-sulfur centers, FAD is able to transfer two electrons at a time, and thus the
mechanism for the reduction of the disulfide bridge of NTR is more simple than the
one of the chloroplastic homologue, ferredoxin thioredoxin reductase (see Jacquot
et al.l). The redox potential of the disulfide bridge of NTR is unknown at present.

The Cytosolic and Mitochondrial Thioredoxins in Plants

It is now quite clear that multiple isoforms of thioredoxins exist in all organisms
from bacteria to mammals. This property has been documented very early in plants,
and it is assumed that there are nearly 35 genes coding for thioredoxin-like proteins
in the very simple model Arabidopsis thaliana. About half of those genes encode for
cytosolic Trx (also called Trx h, where h stands for heterotrophic, because cystolic
Trx is found in heterotrophic tissues as well) and two for mitochondrial Trx (they
differ essentially by the presence of an N terminus transit peptide). Cytosolic thiore-
doxins have been described quite extensively, and their three-dimensional structure
is fairly well known. The structures of the wild-type Chlamydomonas reinhardtii Trx
h, as well as those of several mutants, have been solved both by NMR and X-ray
crystallography.®-10 Trx h can be identified not only by analysis of the amino acid
sequences and the presence of the conserved active site WC[G/P]PC, but also by
unique spectral characteristics due to a Trp residue present in the first o helix of the
protein (in general this residue is absent in the sequences of the other thioredoxin
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types).!! Thioredoxins h have a three-dimensional structure very similar to their
chloroplastic counterparts, and the NMR and crystallographic structures match quite
well. The pK, values of the redox active cysteines as well as the one of a conserved
Asp residue essential for catalysis have been titrated by NMR, and the values agree
quite well with those published for other thioredoxins.!? The redox potential of
thioredoxin h has also been titrated at ~290 mV, and physicochemical parameters of
its cold and heat denaturation properties have been measured.!3

Molecular Targets of Cytosolic and Mitochondrial Thioredoxins

The construction of monocysteinic mutants of Trx h has allowed the identifica-
tion of one potential molecular target, a peroxiredoxin (Prx). This has been done
both by in vivo complementation in yeast and by the successful isolation of this type
of protein by using columns where a monocysteinic mutant is covalently bound.%13
These results should, however, be treated cautiously because one of the targets is a
chloroplastic sequence, and the other one is a protein from yeast. Nevertheless, the
existence of peroxiredoxins in plants homologous to mammalian cytosolic Prx sup-
ports the proposal that Prx could indeed be a physiological target.!® Other potential
targets for cytosolic Trx h could include transcription factors, as in animal and bac-
terial cells.!” The mitochondrial Trx could play a role in the redox regulation of the
alternative oxidase, an enzyme present in the plant mitochondrial inner membrane
that reduces molecular oxygen with no formation of ATP.!8

A SECOND CYTOSOLIC PATHWAY REQUIRES GLUTATHIONE
REDUCTASE AND GLUTATHIONE

In parallel to the NTR/Trx h system, the cytosol of higher plants also contains a
so-called GSH/Grx system. The functioning of this system is schematized in FIGURE
1. In this alternate system, NADPH is the donor, and the electrons flow to a flavopro-
tein, the glutathione reductase. GR is a very well-known enzyme that shows both se-
quence and strutural homology to NTR. As with NTR, it contains a flavin and a
disulfide bridge, and the latter is reduced through the isoalloxazine ring of the flavin.
When reduced, GR can in turn reduce oxidized glutathione (GSSG) into two GSH
molecules by cleavage of the disulfide bridge. The reduced form of glutathione (the
tripeptide YGlu-Cys-Gly) thén reduces a disulfide bridge on Grx, and the latter pro-
tein can in turn reduce selected target enzymes. Up to now, no plant Grx has been
found in the mitochondria, unlike in mammals.!? In many respects, the properties of
the GSH/Grx system differ from those of the Trx system, and this results mostly
from the molecular properties of the Grx that will be detailed below.

Molecular Properties of Plant Glutaredoxins

Grx are proteins of low molecular weight (ca. 110 amino acids), and they contain
a reactive disulfide bridge. The overwhelmingly conserved sequence of the active
site is YCP[Y/F]C. In addition to this redox center, Grx possess a binding site for
glutathione.2? The three-dimensional structure of Grx is known only in bacteria and
mammals. The protein is structurally homologous to Trx, and the active site is quite
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Thioredoxin pathway

Target

s/
&\ protein

NADPH

SH SH

GSH/Glutaredoxin pathway

FIGURE 1. Two alternative cytosolic reducing pathways. The reducing power is pro-
vided by NADPH and transmitted by dithiol-disulfide exchange via the Trx and the GSH/
Grx systems to reduce the target proteins.

exposed close to the surface of the protein.?! One distinguishing feature of Grx is
that, unlike Trx, the protein’s two cysteines are not required for full activity. Also, in
some reactions, monocysteinic mutants are as active as the WT protein.> The two
cysteines of Grx are not equivalent in this respect, and it was found that only the one
closest to the N terminus is the catalytic cysteine. The other one is dispensible. This
was also shown to be true for the plant Grx, as recently demonstrated by site-directed
mutagenesis with a poplar Grx.2? Interestingly, plants contain many Grx genes, in-
cluding several natural monocysteinic mutants that are believed to be catalytically
competent. The redox potential of plant Grx is not known, but based on the rather
high homology with other known Grx molecules, it can be speculated that this value
should be around —230 mV.23 As this redox potential is not as low as the value for
Trx, Grx is a weaker reductant than Trx; but it can nevertheless exhibit better reac-
tivity with selected targets, as explained in the text that follows.

Molecular Targets of Glutaredoxin in Plants

Only few Grx were characterized in plants, in Oryza sativa,?* Ricinus commu-
nis,?> and Populus trichocarpa.?® As a consequence, the identification of target pro-
teins is less advanced. Nevertheless, the sequencing projects of many plant genomes
and the development of techniques to isolate target enzymes will permit the identi-
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fication of potential Grx targets. Plant glutaredoxins are capable in vitro of several
oxidoreduction reactions, including the reduction of dehydroascorbate, which may
be of significant physiological relevance.2%-26 Another potential target of the GSH/
Grx system is a peroxiredoxin from poplar phloem, which accepts both Grx and Trx
as electron donors.!® As the latter protein is more active with Grx in vitro, it could
be that Grx is the preferred donor in vivo as well.2” Since data concerning plant Grx
is scant, we will, in the following text, detail the knowledge acquired in other organ-
isms to evaluate what the potential targets of the plant Grx could be.

Molecular Targets of Glutaredoxin in Other Organisms

Regulation of Protein-Glutathione Mixed Disulfide by the Grx System

All aerobic organisms generate reactive oxygen species (such as hydrogen perox-
ide, superoxide ions, or hydroxyl radicals) that can damage macromolecules, espe-
cially proteins.2® Indeed, the thiols of the cysteine residues are exposed to oxidation,
resulting in intermolecular cross-linking and the formation of reversible sulfenic
acid and/or irreversible sulfonic and sulfinic acid derivates. One of the mechanisms
to prevent an irreversible oxidation of these critical residues is the glutathiolation of
the proteins at the level of these cysteines. In most cases, this leads to a reversible
protein inactivation. This phenomenon represents a regulatory pathway of protein
activity. Indeed, the enzymes can then be reactivated by a deglutathiolation step cat-
alyzed mainly by Grx (FiG. 2).

For example, the catalytic activity of the HIV-1 (human immunodeficiency virus
type 1) protease,?? or of the human glyceraldehyde-3-phosphate dehydrogenase, was
abolished after glutathiolation of conserved cysteines and probably reestablished by
Grx.30 In response to growth factor stimulation, mammalian cells produce reactive
oxygen species leading to the formation of glutathiolated actin. Deglutathiolation of
actin by Grx leads to enhancement of the rate of actin polymerization.3!

S
GSH GS-S — Target I > Grx GSSG NADPH H*
protein : : S X i i
GSSG HS —f Target HS+ o GSH NADP*
protein GS-S

FIGURE 2. Glutathiolation-deglutathiolation processes. In oxidative conditions, some
proteins are glutathiolated at the level of critical conserved cysteines and are then reduced
by the Grx system.
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Involvement of Grx in the Transduction Signal in Response to Oxidative Stress in
Other Organisms

Regulation of Transcription Factors. Unlike Trx, which for some time has been
well known as a regulator of transcription factors, Grx was only very recently de-
scribed as contributing to these reactions. It can act as described for the NF1 (nuclear
factor 1) transcription factors not only by glutathiolation/deglutathiolation process-
es,32 but also by disulfide bond reduction of target transcription factors. The best ex-
ample is the regulation in bacteria of the DNA binding activity of OxyR, which
regulates the transcription of some antioxidant genes, including the Grx encoding el-
ement, which was scrutinized for its response to H,0,.33 The active form of this
transcription factor is a tetramer of oxidized subunits. In Escherichia coli, each sub-
unit possesses six cysteines, and two are involved in the formation of an intramolec-
ular disulfide bridge upon H,0, exposure. Once the intracellular environment is
reduced, Grx deactivates OxyR by reduction of these disulfides. It appears that the
OxyR response is also autoregulated by Grx through an “on—off switch.”

Another example in mammals is the complex regulation of two trancription fac-
tors, the nuclear factor kappa B (NFkB) and the activating protein 1 (AP-1), which
are involved in responses to stress or apoptosis. Recently, Grx was found to protect
cerebellar granule neurons from dopamine-induced apoptosis by activating two dif-
ferent transduction pathways (the Ras/PI3K/Akt/NFxB and JNK/AP-1 cascades)
leading to the activation of NFxB.34:33 It seems that the signal is mediated at least
in part by redox factor-1 (Ref-1), but how Grx interacts with Ref-1, Ras, and JNK
has been not established. The presence of conserved cysteines in these proteins sug-
gests the possible formation of protein-mixed glutathione disulfide.

Regulation of the Concentration of H,0,. At low levels, H,O, was demonstrated
to serve as a messenger molecule. As a consequence, the enzymes that regulate in-
tracellular levels of H,O, participate indirectly in the signaling processes. At least
two enzymes that detoxify H,O, are able to use Grx as an electron donor. These en-
zymes include a human plasma glutathione peroxidase and a poplar phloem peroxi-
redoxin, as mentioned earlier.26-36

Regulation of Kinases and/or Phosphatases. Protein kinases or phosphatases are
key enzymes implicated in signal transduction. Some kinases, such as the apoptosis
signal-regulating kinase 1 and protein kinase C, appear to be negatively redox reg-
ulated by Trx.37-38 The action of Grx on these two types of enzymes is less well char-
acterized. Nevertheless, at least one study, concerning a protein tyrosine phosphatase
(PTP), has been published.3? PTP displays one critical cysteine that is glutathiolated
in oxidative conditions to avoid irreversible oxidation. PTP becomes inactive, and
this glutathione-mixed disulfide can then be reduced enzymatically by Grx, leading
to enzyme reactivation.

LONG-DISTANCE TRANSMISSION OF THE REDOX
SIGNAL IN PLANTS

A very interesting feature that concerns Trx, Grx,.and Prx in higher plants is that
all these proteins, as well as some of their RNAs, can be found at relatively high con-
centrations in the phloem sap.26:40:41 The phloem is a tissue that carries the carbon
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fixed by the photosynthetic process, essentially under the form of sucrose, from the
photosynthetic parts of the plant to the nonphotosynthetic parts. This extremely spe-
cialized tissue is composed of sieve tubes connected to one another via plasmodes-
mata. The sieve tubes are anucleated cells that function together with a companion
cell that retains the genetic information. As the phloem is highly clustered with plas-
modesmata, it is also a fragile tissue. It can be attacked by viruses that spread from
cell to cell and also by insects. When a plant cell is attacked by a pathogen, it will
generally defend itself by generating an oxidative burst with the production of high
levels of hydrogen peroxide and superoxide ions. Given the known antioxidative
properties of the Trx and Grx sytems, it is likely that the presence of these proteins
in the phloem sap is required for correct regulation of the level of the oxidants that
the plant can tolerate.
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Le troisieme article aborde I'étude des Trx végétales d'un point de vue plus
structural et mécanistique. L'organisation du « thioredoxin fold » y est décrite et une
comparaison d’'une structure tridimensionnelle de Trx h de Chlamydomonas
reinhardtii obtenue par cristallographie et par résonance magnétique nucléaire
(RMN) est présentée. Il présente également un certain nombre de protéines
homologues aux Trx, appelées "thioredoxin-like proteins”, dont l'architecture est
basée soit sur une répétition d’unités Trx soit sur la fusion entre un module Trx et un
autre module d’activité différente. La géométrie du site actif, les acides aminés
invariants comprenant le tryptophane du site actif et un aspartate enfoui nécessaires
pour les reconnaissances protéine-protéine et la catalyse sont discutés dans cet
article. Les Prx et les MsrA, deux des cibles caractérisées, sont également des
enzymes qui possedent des analogies structurales avec les Trx (Schréder & Pontig,
1998 ; Gladyshev, 2002).
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Abstract

Thioredoxins are small molecular weight disulfide oxidoreductases specialized in the reduction of disulfide bonds on other proteins.
Generally, the enzymes which are selectively and reversibly reduced by these proteins oscillate between an oxidized and inactive
conformation and a reduced and active conformation. Thioredoxin constitutes the archetype of a family of protein disulfide
oxidoreductases which comprises glutaredoxin and protein disulfide isomerase. Thioredoxin and glutaredoxin serve many roles in
the cell, including the redox regulation of target enzymes and transcription factors. They can also serve as hydrogen donors to
peroxiredoxins, recently discovered heme free peroxidases, the function of which is to get rid of hydroperoxides in the cell. This review

describes the molecular basis for the functioning and interaction between these enzymes in photosynthetic organisms.

© 2002 Elsevier Science Inc. All rights reserved.

Keywords: Disulfide bridge reduction; Redox regulation; Thioredoxin

1. Reactions catalyzed by protein disulfide
oxidoreductases

The presence of disulfide bonds is one of the major
structural determinants in proteins. It is generally recog-
nized that extracellular proteins possess disulfide bridges
that help stabilize their structure, while intracellular
enzymes are devoid of such features [1,2]. All polypeptides
are however synthesized with free cysteine residues and in
the same time that specialized proteins such as chaperones
or prolyl isomerases help for the folding process, other
enzymes known as protein disulfide isomerases (PDI) are
needed for the creation of those disulfide bonds [3]. Con-
versely, some proteins which contain disulfide bridges
need to be reduced to a dithiol form to gain activity and
these reactions are catalyzed by thioredoxins (Trx) and
other molecular variants of this protein such as glutare-
doxins (Grx) [4,5]. PDI, Trx and Grx are thus members
of a superfamily whose function is either to create or

" Corresponding author. Tel.: +33-3-83-91-22-53.

E-mail address: j2p@scbiol.uhp-nancy.fr (J.-P. Jacquot).

Abbreviations: Grx, glutaredoxin; PD], protein disulfide isomerase;
Prx, peroxiredoxin; Trx, thioredoxin.

reduce disulfide bonds on other proteins according to
the equation:

SH s
Pt oM - -

P1 + P2 P + P2
s Sen “SsH ~s

2. Molecular and functional characteristics
of plant thioredoxins

Plant thioredoxins are small molecular weight (ca.
12 kDa) and generally extremely thermostable proteins.
They contain in general around 110 amino acids in their
mature form (excluding the transit peptides of the nuclear
encoded chloroplastic and mitochondrial isoforms) [6,7].
All thioredoxins have a very conserved active site with the
sequence WC[G/P]PC. All available structures demon-
strate that the two sulfur atoms of the Cys residues of
the active site are indeed linked in a disulfide bridge in the
oxidized state. The 3D architecture of the protein is con-
served throughout the evolution with a succession of
secondary elements as follows: Bl, al, B2, a2, B3, a3,
B4, B3, a4. The active site is exposed and situated in the

0006-2952/02/$ — see front matter © 2002 Elsevier Science Inc. All rights reserved.
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loop between the structural units B2 and &2 with the second
cysteine integrated in o2 [8~11]. It has been demonstrated
in plants as in other organisms that the active site sequence
is one major determinant for the efficiency of thioredoxin
as a disulfide reductase, with the conserved Trp residue
next to the disulfide bridge playing an important role in
the process together with a buried conserved Asp residue
which exhibits an unusually high pK, for its carboxyl
side chain [12,13]. A comparison of a mean NMR structure
together with the crystallographic structure obtained for
a wild type Chlamydomonas reinhardtii cytosolic thiore-
doxin is shown in Fig. 1. Similar structural results are
obtained using the two techniques, but the secondary
elements are more defined in the crystal structure (solid

Fig. 1. Comparison of the crystallographic (A) and NMR (B) structures of
Chlamydomonas reinhardtii thioredoxin h. The protein is shown in the
strand and ribbon representation. The disulfide bridge of the active site and
the sulfur atoms are in green. The two tryptophane residues (W13 which
gives the protein its unique spectral characteristics and W35 adjacent to the
active site) are in blue sticks. The figure has been drawn using MolMol
(see [9D).

state) than in the NMR one (solution state) due to inter-
molecular contacts in the crystal state [9]. Interestingly, the
helix al and strands B4 and 35 are notably longer in the X-
ray structure and strand B1 is poorly defined in the NMR
structure. In addition, the disulfide bridge is completely
integrated in helix o2 in the crystallographic structure, but
the catalytic Cys (Cys36 here) is part of the flexible loop in
the NMR structure.

The redox potential of thioredoxin is also critical in
governing its reactivity. Plant thioredoxins display redox
potentials around —290 mV, a value very similar to the one
recorded for thioredoxins in other living organisms
[14,15]. Likewise, the pK, of the thiol groups of the Cys
residues of the active site is also an important parameter for
disulfide reductase efficiency. NMR titration has shown
that the two thiol groups of C. reinhardtii thioredoxin h
have pK,’s of 7 and 9.5 for the catalytic and backup
cysteines, respectively, values similar to those of the
bacterial and mammalian enzymes [12,16-18].

A very interesting feature of thioredoxins in plants is the
remarkably high number of genes that code for this protein.
It has long been assumed that there was a single gene for
thioredoxin in Escherichia coli and human cells, but recent
data have shown that this was not true and that all organ-
isms contain several thioredoxin variants [19,20]. This
property has been recognized early in plants, in part
because of the discovery of a specific system located in
the chloroplasts. With the subsequent discovery that there
are also cytosolic and mitochondrial isoforms for this
protein, it is now estimated that there is a large multigenic
family in plants. For example, the simple model Arabido-
pis thaliana is estimated to contain probably more than 20
genes overall [21]. This number is likely to be even higher
in species with diversified metabolism as the C, plant
maize, but no serious estimation is available yet in mono-
cotyledonous species.

The high diversity of thioredoxins in plants is accom-
panied by a diversification in expression and function. It
appears that some isoforms are specifically expressed in the
chloroplasts, others in mitochondria and some in the cytosol
of plant cells [6,7,21]. The expression of some genes seems
to be tissue specific and in addition, a remarkable feature in
higher plants is that thioredoxin is one major protein
constituent of the phloem sap [22,23]. As this tissue permits
communication throughout the plant because it is highly
connected via specialized plasmodesmata, it is likely that
thioredoxin plays a role in the long distance signaling.
Other possible roles for cytosolic thioredoxins could be
the detoxification of heavy metals, the dissipation of oxi-
dative stress and the regulation of transcription factors as in
mammalian or yeast cells [24-26]. The mitochondrial
thioredoxin system could be involved in the regulation of
2 oxoacid dehydrogenases and alternative oxidase [27,28].

The function of chloroplastic thioredoxins is quite well
documented, they serve as redox regulators of specific
target enzymes which are generally inactive in the dark
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and active in the light, with the notable exception of
glucose-6-phosphate dehydrogenase which is oppositely
regulated. Through this redox regulation, thioredoxins help
control the rate of carbon fixation through the reducing
pentose phosphate pathway otherwise known as Calvin
cycle [5,29]. Several of the regulatory target enzymes
display additional regulatory sequences that contain cri-
tical cysteines and these cysteines can be either in a
disulfide bond (oxidized form) or as dithiols (reduced
state). Generally, the conversion of the oxidized inactive
enzymes into reduced active catalysts occurs in two steps,
first a fast reduction that produces a reduced inactive
enzymes and second a slow conformational change that
leads to the active catalyst [30]. The chloroplastic thior-
edoxin system is unique in at least two ways. First, unlike
the mitochondrial and cytosolic systems where the primary
reductant is NADPH relayed via a flavoprotein NADPH
thioredoxin reductase, in chloroplasts the donor is photo-
reduced ferredoxin through a specific iron—sulfur contain-
ing enzyme called ferredoxin thioredoxin reductase [31].
In addition, there are two molecular variants for thiore-
doxin, named thioredoxin m and thioredoxin f which
display differential selectivity. More specifically, thiore-
doxin f is strictly required for the reductive activation of
fructose-1,6-bisphosphatase and other thioredoxins cannot
make the job [32]. This is in marked contrast with other
systems where thioredoxins are generally considered as a
promiscuous enzymes (i.e. they show no marked specifi-
city). Details about the functioning and composition of the
regulatory chloroplastic system can be found in several
reviews [5,29,33,34]. In chloroplasts, thioredoxins are also
involved in the removal of peroxides vig specific chlor-
oplastic thiol peroxidases or peroxiredoxins (Prx) [35].

3. Glutaredoxins, peroxiredoxins and protein disulfide
isomerases share molecular determinants with
thioredoxin

The 3D organization of the thioredoxin molecule is well
established and referred to as the thioredoxin fold. Based
on this architecture, several catalysts have evolved. By
keeping basically the same secondary structural units and
changing the active site to YCP[Y/F]C, one obtains a
glutaredoxin molecule that is still a reductant but with a
slightly higher redox potential. Glutaredoxin is reduced via
a cascade that comprises NADPH, glutathione reductase
and the tripeptide glutathione [36,37]. The combination of
two thioredoxin modules together with the alteration of the
active site sequence to WCGHC leads to protein disulfide
isomerase, an oxidizing protein whose function is to create
disulfide bonds on other proteins as discussed in the first
section [38]. An even more complex version called
nucleoredoxin results of the combination of three succes-
sive thioredoxin modules, the N- and C-terminus ones
bearing each an active site [39]. In addition to these well

documented evolutions of thioredoxin, several sequences
in the databases feature natural fusion products between a
given enzyme (APS reductase or peroxiredoxin for exam-
ple) together with a glutaredoxin module [40,41]. In
addition, many natural monocysteinic variants of thiore-
doxin and glutaredoxin are present in the protein data
banks. These proteins are likely to be catalytically com-
petent as it was demonstrated that engineered monocys-
teinic glutaredoxins are also functional catalysts [42,43].
Finally, another enzyme which has a fold similar to thior-
edoxin is peroxiredoxin even though that protein contains a
single catalytic cysteine which is transformed into a sul-
fenic acid upon catalysis {44]. Other examples of structu-
rally related proteins in plants can be found in [5].

4. Functions of thioredoxin related catalysts
in plant cells

The function of protein disulfide isomerase is linked to
the folding pathway of the ER, PDI sequences containing
consistently a KDEL retention sequence that targets them
to this compartment [45]. It has been shown however in C.
reinhardtii that the related protein RB60 which also con-
tains the KDEL signal is targeted both to the ER and to the
chloroplast [46]. It has been proposed to play a role as a
regulator of chloroplast translational activation [47]. On
the other hand, the function of nucleoredoxin is poorly
documented but believed to be related to the redox regula-
tion of transcription factors [39]. In plants, glutaredoxins
seem to be restricted to the cytosol. This protein has been
shown to possess the capacity to reduce dehydroascorbate
which could be of physiological significance [43]. Another
role proposed for glutaredoxin is to serve as an electron
donor to a subclass of peroxiredoxin [48]. In this respect,
both the thioredoxin and glutaredoxin pathways could be
implicated in the removal of hydroperoxides and the fight
against oxidative stress.

5. Future challenges of redox regulation in plants

The high number of genes coding for thioredoxins and
related proteins poses the problem of the specificity and
possible redundancy of each of these products. This ques-
tion is starting to be addressed using the double hybrid
technique, the yeast and Synechocystis complementation
approach and the biochemical isolation of targets. Indeed,
the use of engineered monocysteinic mutants has helped
isolate targets for given thioredoxin types, but the speci-
ficity of this approach needs to be assessed carefully with
other parameters such as the putative subcellular localiza-
tion of the partner proteins [49]. Using the yeast comple-
mentation, some specificity is observed between the
various isoforms notably conceming the growth on sulfate
or methionine sulfoxide and the resistance to hydrogen
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peroxide but it is not clear yet that this is of physiological
significance [50-53]. Recent attempts to obtain knockout
mutants in Arabidopsis thaliana by successive PCR
screening of transposon transformed pools, have been
successful, but generally no clear phenotype appears under
physiological conditions, Clearly, sorting out the physio-
logical function for each of these proteins will be a
challenge for the years to come.
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3. Les protéines cibles et enzymes utilisant les glutarédoxines et thiorédoxines

comme donneur de pouvoir réducteur

Les Trx et les Grx sont des protéines qui servent entre autre de donneurs
d’électrons et de protons pour la réduction de ponts disulfures de protéines cibles, de
maniere a réguler leur activité. Le plus souvent, la forme réduite de la cible se trouve
étre la forme active, alors que la forme oxydée est inactive. Les protéines cibles
peuvent étre des facteurs de transcription, des enzymes voire des transporteurs
(Tron et al., 2002 ; Decottignies et al., 1988 ; Gleason, 1996). Trois cas de figure
sont possibles, soit les protéines cibles ne sont réduites que par les Trx, soit
uniguement par les Grx, soit les deux systémes sont capables de réduire une méme
protéine, éventuellement avec une efficacité différente.

De nombreuses protéines cibles des différentes isoformes de Trx ou de Grx
chez les organismes végétaux sont répertoriées dans les trois articles de synthese
précédents. Ces informations sont reprises dans le Tableau Il et complétées par les

résultats récemment obtenus et ceux décrits dans ce manuscrit.

Trx h Lutte anti-oxydante
Prx de type Il Verdoucq et al., 1999
MsrA Ce travail
PHGpx Herbette et al., 2002
Germination des graines
o-amylase/inhibiteur de trypsine Kobrehel et al., 1991
Albumine (gliadine, gluténine) Kobrehel et al., 1992

Inhibiteur de la trypsine de Kunitz et Bowman Birk
Jiao et al., 1992

Protéine 2S Shin et al., 1993
o-amylase/inhibiteur de subtilisine Jiao et al., 1993
Inhibiteur de pullulanase Wong et al., 1995
Thiocalsine (protéase a serine) Besse et al., 1996
Protéines allergénes Ara h2, h3, h6* Yano et al., 2001
Protéine de maturation des graines* Yano et al., 2001
Protéine liée a la dessication* Yano et al., 2001
Pullulanase Wau et al., 2002
Prx a 1 cystéine* Marx et al., 2003
Globuline 1* Marx et al., 2003
Protéine ribosomale acide P>+ Marx et al., 2003
Photosyntheése

Phosphoenolpyruvase carboxylase protein kinase
Saze et al., 2001
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Trx m, f, x

Reproduction
Récepteur kinase locus S
Transcription
Plant homeodomain
Arp
Synthese des désoxyribonucléotides
Ribonucléotide réductase

Assimilation du carbone
Fructose-1, 6 biphosphatase
Phosphoribulokinase
Glycéraldéhyde-3-P déshydrogénase
Sedoheptulose-1, 7-biphosphatase
Rubisco activase
Transcétolase*

Triose phosphate isomérase*
Ribulose -phosphate 3 -épimérase*
Anhydrase carbonique*

Métabolisme
CF, ATPase
Glucose 6-P déshydrogénase
Malate déshydrogénase a NADP
ADP-glucose pyrophosphorylase
Glutamate synthase

Acétyl-CoA carboxylase
Cyclophiline

Phosphoglycérate déshydrogénase*
Cystéine synthase*

6-phospho-gluconate déshydrogénase*

Enolase*

B-amylase*

Lutte antioxydante
2-Cys Prx
Prx Q

PHGpx
MsrA

Appareil photosynthétique
LHCII protéine kinase
Photorespiration
Glycérate kinase*

Traduction
RB60
Facteur d’élongation Tu*
Facteur d’élongation g*
Ribonucléoprotéine de 28 kDa*

Bower et al., 1996

Tron et al., 2002
Babiychuk et al., 1994

Sauge-Merle et al., 1999

Jacquot et al., 1995
Milanez et al., 1991
Baalmann et al., 1995
Li et al., 1994

Zhang & portis, 1999
Balmer et al., 2003
Balmer et al., 2003
Balmer et al., 2003
Balmer et al., 2003

Schwartz et al., 1997
Gleason, 1996
Decottignies et al., 1988
Ballicora et al., 2000
Lichter & Haberlein,
1997

Sasaki et al., 1997
Motohashi et al., 2001
Balmer et al., 2003
Balmer et al., 2003
Balmer et al., 2003
Balmer et al., 2003
Anderson et al., 1998
Balmer et al., 2003

Choi et al., 1999
Motohashi et al., 2001
Ce travalil
Jung et al., 2002a

Ce travalil

Rintamaki et al., 2001

Kleczkowski & Randall,
1985

Trebitsch et al., 2000
Balmer et al., 2003
Balmer et al., 2003
Balmer et al., 2003
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Sous-unité 1 de la protéine ribosomale 30S* Balmer et al., 2003

Protéine ribosomale S6* Balmer et al., 2003
Réplication de I’ADN/ Transcription

Hélicase a ADN ATP dépendante* Balmer et al., 2003
Dégradation des protéines

Protéase clp ATP dépendante* Balmer et al., 2003
Assemblage des protéines

Protéines o et  de liaison a la rubisco* Balmer et al., 2003

Protéine de choc thermique de 70 kDa Balmer et al., 2003

Vignols et al., 2003
Biosynthese des isoprénoides
Protéine GcpE* Balmer et al., 2003
1-déoxy-D-xylulose-5-phosphate reductoisomérase*
Balmer et al., 2003
3-deoxy-D-arabino-heptulosonate 7-phosphate synthase
Entus et al., 2002
Biosynthese des tétrapyrroles
Glutamate-1-semialdéhyde 2, 1-aminomutase*
Balmer et al., 2003

Uroporphyrinogene decarboxylase* Balmer et al., 2003
Magnésium chélatase* Balmer et al., 2003
Biosynthése des vitamines

Protéine de biosynthese des vitamines* Balmer et al., 2003

Enzyme thiazole biosynthétique* Balmer et al., 2003
Trx o Respiration

Alternative oxydase* Rhoads et al., 1998

2 acide oxo déshydrogénase* Bunik et al., 1999
Grx Lutte anti-oxydante

Prx de type Il Rouhier et al., 2001

Tableau Il : Les différentes protéines cibles des Trx et des Grx.

La plupart des protéines cibles des Trx cytosoliques, chloroplastiques et
mitochondriales et des Grx sont répertoriées dans ce tableau. L’astérisque
indique gue ce sont des cibles potentielles c’est-a-dire que l'interaction avec les
Trx ou les Grx n’est pas clairement établie. Les interactions décrites pour les Trx
chloroplastiques ne sont pas valables pour chaque isoforme. Ainsi, les Trx x ont
jusqu’a présent seulement été démontrées comme étant actives dans la réduction
des Prx a 2 cystéines mais pas dans la réduction de la MDH a NADP et de la
FBPase. Dans le cas de la 2 acide oxo déshydrogénase, c’est une enzyme
porcine qui a été utilisée avec des Trx de plantes.
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3.1. Les peroxyrédoxines

Article numéro 4 :

Rouhier N &Jacquot JP. (2002)

Plant peroxiredoxins : alternative hydroperoxide scavenging enzymes.
Photosynthesis research 74:259-268.

Le quatrieme article décrit les caractéristiques et les fonctions des différentes
classes de Prx existant chez les végétaux, ainsi que leur mode de catalyse lorsqu'il
est connu. Ainsi, une classification en quatre groupes distincts émerge selon le
nombre et la position des cystéines conservées et selon I'état de dimérisation des
Prx. Les Prx dites a 2 cystéines sont chloroplastiqgues et dimériques avec un pont
disulfure intermoléculaire. Les Prx a 1 cystéine ont une localisation restreinte aux
graines. Les Prx Q sont des protéines chloroplastiques et monomeériques possédant
un pont disulfure intramoléculaire. Les Prx de type Il sont des enzymes
monomériques sans pont disulfure localisées dans de nombreux compartiments
cellulaires. Le Tableau Il et la Figure 10 résument les informations fournies par le

séquencage complet du génome d’A. thaliana.

Numéros Longueur Localisation Cystéines
d’accession conservees

Prx a 2 cys dimériques

2-Cys Prx A At3g11630 266 chloroplastique C110Coa1
2-Cys Prx B At5g06290 273 chloroplastique C126C248
Prxalcys At1g48130 216 noyau Cus
Prx Q At3926060 216 chloroplastique C111C116
Prx de type Il
type 1IB At1g65980 162 cytosolique Cs1Crs
type 11IC At1g65970 162 cytosolique Cs51Cv6
type IIE At3952960 234 chloroplastique C121C146
type IIF At3g06050 201 mitochondriale Cs9Ci14

Tableau Il : Les Prx exprimées chez A. thaliana.

Les 8 Prx sont réparties en 4 groupes. 2 autres séquences de type Il (A et D) ont
été détectées mais ne semblent pas exprimées (Dietz et al., 2002 ; Horling et al.,
2002).
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Prx Q

2-Cys PrxB

- - MATSLS- - VSRFMSS- SATVI SVAKPLLSPTVSFTAPL SFTRSLAPNL SLKFRNRRTNS
----------------------------- MAVSI LKLRNLSALRSAANSARI GVS- - - S- -
- - MAASSS- - SFTLCNHTTLRTLPLRKTLVTKTQFSVPTKSSESNFFGSTLTHSSYI SPVS
- - MASVAS- - STTLI SSPSSRVFPAKSSL SSPSVSFLRTLSSPSAS- ASLRSG-ARRSSLS
MBMASI ASSSSTTLLSS- SRVLLPSKSSLLSPTVSFPRI | PSSSASSSSLCSGFSSLGSLT

--------------- MAPI A- VGDVVPD- GT'l SFFDEND- QLQTASVHSLAAGKKVI LFGV
--------------- MAPI T- VGDVVPD- GTI'l SFFDEND- QLQTVSVHSI AAGKKVI LFGVY
A- - SATTRSFATTPVTASI S- VEGDKLPD- STLSYLDPSTGDVKTVTVSSLTAGKKTI LFAV
------- RGFSKLAEGTDI TSAAPGVSL QKARSWDEGVSSKFSTTPLSDI FKGKKWVI FGL
------- SSSLKGLI FAKVN- KGQAAPD- - - FTLKDQ - - NGKPVSLKKYK- GKPWLYFY
- - - STSRRSFAVKAQADDL PLVGNKAPDFEAEAVFDQ- - - EFI KVKLSDYI GKKYVI LFFY
TNRSASRRNFAVKAQADDL PL VGNKAPDFEAEAVFDQ- - - EFI KVKLSEY! GKKYVI LFFY

--------------- MPG T- LGDTVPNLEVETTHDK- - - - - - - FKLHDYFANSWIVLFSH
PGAFTPTCSMKHVPGFI EKAEEL KSKGVDE! | GF SVNDPFVIVKAWGKT YPE- - - - - NKHVK
PGAFTPTCSMSHVPGFI GKAEELKSKG DEI | GFSVNDPFVIVKAWGKT YPE- - - - - NKHVK
PGAFTPTCSQKHVPGFVSKAGELRSKG! DVI ACI SVNDAFVVEAWRKDLG - - - - - NDEVM
PGAYTGVCSQQRHVPSYKSHI DKFKAKGH DSVI CVSVNDPFAI NGWAEKL GA- - - - - KDAI E
PADETPGCTK- QACAFRDSYEKFK- KAGAEVI Gi SGDDSASHKAFASKYKL- - - - - - - PYT

PLDFTFVCPT- El TAFSDRHSEFE- KLNTEVL GVSVDSVFSHLAWQT DRKSGGELGDLNYP
PLDFTFVCPT- El TAFSDRYEEFE- KLNTEVLGVSVDSVFSHLAW/QT DRKSGGE.GDLNYP
PGDFTPVCT T- ELGANVAKYAHEFD- KRGVKL LG SCDDVQSHKDW KDI EAFNHGSKVNYP

FVADGSGEYTHLLGLELDLK- - - = - - - - - - DK- - wm e mee GLGVRSRRFALLLD- DL
FVADGSGEYTHLLGLELDLK- - - = - - - - - - DK- - - mmmmmee GLG RSRRFALLLD- NL
LL SDGNGEFTGKLGVELDLR: - - - - - - - - - DKP- - - === - - VGLGVRSRRYAI LAD- DG
FYGDFDGKFHKSLGLDKDLS- - - = = = == = = === = o e = o e AALLGPRSERWBAYVE- DG
LL SDEGNKVRKDWGVPGDLF- - - = = = =« = = s s w o omm oo oo GALPGERQTYVLDKNG

LVSDI TKSI SKSFGVLI PDQA AL FI 1 DKEGVI QHSTI NNLG GRSVDETMRTLQ AL

LI SDVTKSI SKSFGVLI HDQA ALE:FI | DKEGVI QHSTI NNLG GRSVDETMRTLQ AL
I 1 ADPNKEI | PQLNM DPI ENGPSRALHI VGPDSKI KLSFLYPSTTGRNVDEVLRALDSLL

KVTVAN- - - - VESG- = = - - - = = - - GEFTVSSADDI LKAL- - = = = = == s m oo mmeee o -
KVTVAN- - - - VESG- = = - - - = = - - GEFTVSSAED! LKAL- - <=« = == w e oo mmeem o -
WKVLN- - - - LEEG - - - - = - - - - GAFTNSSAEDMLKAL- - = = = = === == -z o - -
KVKAVN- - - - VEEA- - P- - - - - - - SDFKVTGAEVI LGQl - === == == == oo mmem o -
WQLI YN- - - NQFQ - - === - - - PEKHI DETLKFLKAA = - - <« == oo ocee oo
QY! QENPDEVEPAGWKP- - - - - - - GEKSMKPDPKLSKEYFSAI - - - = === = == == - -
QYVQENPDEVCPAGKP- - - - - - - GEKSMKPDPKLSKEYFSAI - - - = === = == == - -

MASKHNNKI ATPVNVWKPDQPVVI SPAVSDEEAKKM-PQGFKTADL PSKKGYLRHTEVS

Figure 10 : Comparaison de séquences des Prx d’A. thaliana.

Sont représentés en gris clair les acides aminés strictement conserves, en gris

intermédiaire les cystéines conservées et éventuellement catalytiques dans

chacun des sous-groupes et en gris foncé 'arginine du site actif.
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Abstract

The role of plant peroxiredoxins in the detoxification systems is discussed in relation with the existence of many
isoforms of this protein in distinct plant compartments. Phylogenetic analyses indicate that plant peroxiredoxins
can be divided into four classes. Two of these classes correspond to chloroplastic enzymes. All isoforms contain
at least one conserved catalytic cysteine. The enzymes belonging to the 1-Cys Prx class seem to be seed restricted
and to play a role of detoxification during the germination process. At least one putative cytosolic isoform can
use both thioredoxin and glutaredoxin as an electron donor, but the chloroplastic isoforms characterized depend
on reduced thioredoxin. Mutagenesis and plant transformation studies support the proposal that the chloroplastic
peroxiredoxins play an important role in combating the ROS species generated at the level of the chloroplastic
electron transfer chain.

Abbreviations: GSH - reduced glutathione; Grx — glutaredoxin; Prx — peroxiredoxin; ROS — reactive oxygen
species; Trx — thioredoxin; TR — thioredoxin reductase

Introduction: a new family of non heme
peroxidases - the peroxiredoxins

In steady-state functioning, aerobic photosynthetic
organisms generate reactive oxygen species (ROS),
especially at the level of the mitochondrial and chloro-
plastic electron transfer chains. The concentration of
these oxidizing species is very much increased when
these organisms are submitted to unfavorable environ-
mental conditions, resulting in oxidative stress (Noctor
and Foyer 1998; Foyer and Noctor 2000). The evol-
ution has created an array of antioxidant systems,
composed of enzymes and low molecular weight non-
enzymatic compounds, in order to fight the damages
created by these ROS to macromolecules such as nuc-
leic acids, lipids and proteins (Halliwell and Gutter-
idge 1990). Recently, in all kingdoms, new enzymes
called peroxiredoxins (Prx) were demonstrated to be
capable of participating in the detoxification systems,
by reducing various alkyl hydroperoxides into water

and the corresponding alcohol. The increasing number
of Prx-related sequences in the databases makes the
classification of these enzymes ever more complex.

One of the remarkable features of peroxiredox-
ins is that they are nonheme-containing peroxidases,
which have to rely on an external electron donor to
compensate for the lack of prosthetic group. As this
electron donor is often reduced thioredoxin, the perox-
iredoxins have frequently also been called thioredoxin
peroxidases. The reaction that they catalyze conforms
to the following equation:

ROOH + R'(SH); "~ ROH + R’S; + H,0

These proteins seem to be ubiquitous from archaebac-
teria to mammals and they range in size from 150
to 220 amino acids in their mature form. Depend-
ing on their subunit organization and the position of
the cysteines in the sequence, two classes have been
differentiated, the 1-Cys Prx and 2-Cys Prx (these
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sequences containing, respectively, one or two con-
served cysteines), All the Prx isoforms contain a con-
served cysteine in the N-terminus part which has been
demonstrated to be the catalytic one by site-directed
mutagenesis (Chae et al. 1994a). In all cases, the cata-
lytic cysteine is transformed into a sulfenic acid after
the reduction of the hydroperoxides. The regeneration
of a reduced Prx is then quite different between the
different classes.

In the 1-Cys Prx, catalysis proceeds only through
the catalytic cysteine even though they sometimes dis-
play additional cysteines, which are not involved in the
catalytic mechanism. The reductant of these enzymes
is not clearly identified and could be either reduced
glutathione (Kang et al. 1998), the thioredoxin system
(Trx/TR) as described in the case of a mitochon-
drial Prx from Saccharomyces cerevisiae (Pedrajas et
al. 1999), or cyclophilin as reported for the human
isoform Prx VI (Lee et al. 2001) (Figure 1A).

The situation is a bit more complex among the 2-
Cys Prx. Three subclasses, widely distributed among
the kingdoms, can be differentiated based on the
amino acid sequences and the catalytic mechanism.
All the 2-Cys Prx can use thioredoxin or equivalent
proteins as an electron donor.

The first, that will be called here dimeric 2-Cys
Prx, which includes chloroplastic 2-Cys Prx, mam-
malian Prx I to IV or yeast TSA, consists of di-
meric enzymes which form an intermolecular disulf-
ide bridge between two head-to-tail identical subunits
(Chae et al. 1994a; Chae et al. 1999; Goyer et al.
2002) (Figure 1, B1). In this class, we can also include
the rare enzymes trypanothione peroxidase and AhpC
found respectively in trypanosomatids and bacteria,
because of the conserved position of the cysteines and
the catalytic mechanism. For these enzymes, the redu-
cing power comes from reduced adenine nucleotides
such as NADH or NADPH, linked by homologues of
thioredoxin reductase and thioredoxin or glutaredoxin
(Poole 1996; Montemartini et al. 1998; Reynolds et al.
2002).

The second class, typified by mammalian Prx
V, includes monomeric enzymes which form an in-
tramolecular disulfide bridge as a reaction intermedi-
ate (Knoops et al. 1999; Seo et al. 2000). Other mem-
bers of this class are the bacterioferritin co-migratory
proteins (BCP) and their plant homologues called Prx
Q (Kong et al. 2000; Jeong et al. 2000). In this
class, the two cysteines, which are part of the disulf-
ide bridge, are generally only separated by four amino
acids, except for mammalian Prx V, where the spacing

spans over 100 amino acids. Nevertheless, the cata-
lytic mechanism of these Prx is similar and shown in
Figure 1, B2. This class is named here monomeric type
I Prx.

The third class, called monomeric type II Prx,
according to Dietz et al (2002), comprises enzymes
described in chinese cabbage and poplar (Choi et al.
1999; Rouhier et al. 2001). These enzymes possess
two conserved cysteines, only one being required for
activity as described in Figure 1, B3. A unique feature
of at least one of these enzymes is the possibility to
use the GSH/glutaredoxin system as an electron donor
(Rouhier et al. 2002).

Peroxiredoxins in plants

Phylogenetic and amino acid sequences analysis

A complete set of the above characterized isoforms is
present in plants and the Figures 2 and 3 summarize
the different known types of plant Prx. The construc-
tion of an unrooted phylogenetic tree with most of
the available sequences of plant Prx clearly separates
these sequences into four distinct groups (Figure 2).
The alignment of two of these amino acid sequences,
chosen randomly in each class, provides more inform-
ations and allows to define some characteristics for
each group (Figure 3). Within each set, the sequences
display between 75 and 90% identity, whereas across
the different classes, the identities fall in the range 10—
30%. Thus, each class is very well defined by its amino
acid sequence.

The main class (set Bl in Figure 2) contains
chloroplastic enzymes, which present a N-terminal ex-
tension that was experimentally shown as necessary
for exporting the mature protein in the chloroplasts
(Baier and Dietz 1997). These sequences, listed as
Bl in Figure 3, contain between 260 and 275 AA
including the transit peptides. The distance separat-
ing the two conserved cysteines is approximately 120
AA. The same branch of the phylogenetic tree also
contains a sequence from Chlamydomonas reinhardtii
with a shortened transit peptide and from red algae and
cyanobacteria, which do not possess the N-terminal
extension because the proteins are plastome encoded,
whereas the others are nuclear encoded (Klughammer
et al. 1998). As a consequence, these sequences are
shorter by 60 to 75 AA, corresponding to the size of
the transit peptide. The proteins biochemically charac-
terized are Trx dependent (Cheong et al. 1999; Goyer
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Figure 1. Catalytic mechanisms of the four distinct subclasses of peroxiredoxins. The schemes are drawn according to Kang et al., Kong et al.
and Roubhier et al. (A) 1-Cys Prx; (B) 2-Cys Prx, B1: dimeric 2-Cys Prx, B2: monomeric type I Prx, B3: monomeric type II Prx.

et al. 2002; Konig et al. 2002). The biochemical func-
tion of this class of chloroplastic Prx will be detailed
later in this study.

Recently, another class of putative chloroplastic 2-
Cys Prx was discovered and called Prx Q (set B2 in
Figure 2 and sequences B2 in Figure 3). This class
includes proteins of ca. 215 AA including a putative
transit peptide and ca. 150 AA in the mature processed
form which makes them the shortest mature proteins.
These proteins accept Escherichia coli Trx or Ara-
bidopsis thaliana Trx m as an electron donor (Kong

et al. 2000; Motohashi et al. 2001). The two catalytic
cysteines are only separated by 4 AA.

The third class of Prx consists of proteins of 162
AA devoid of any extension, a feature which makes
them the shortest encoded proteins but not the shortest
mature proteins (set B3 in Figure 2 and sequences
B3 in Figure 3). Because of the general absence of
a transit sequence for the proteins characterized so far,
these Prx are assumed to be cytosolic, but this assump-
tion is not always perfectly safe since an immuno-
localization study indicates that the Prx from poplar
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Arabidopsis

Figure 2. Unrooted phylogenetic tree of the different plant peroxiredoxins constructed using the Clustalw and Treeview softwares. A: 1-Cys
Prx; B1: dimeric 2-Cys Prx; B2: monomeric type 1 Prx; Set B3: monomeric type II Prx.

is located in plastid-like structures contained in the
phloem sieve tubes (Rouhier et al. 2001). Moreover,
at least two strongly homologous sequences found in
the protein databank, from Arabidopsis thaliana and
Oryza sativa, present an N-terminal extension, which
is predicted to export the proteins either in chloroplast
or in mitochondria (accession numbers NP_190864
and BAA82377). Although these proteins possess two
conserved cysteines distant of 25 AA, they function
catalytically as 1-Cys Prx (see below).

Finally, the last class of plant Prx comprises pro-
teins of 216 to 220 AA and are referred to as 1-Cys
Prx (set A in Figure 2 and sequences A in Figure 3).
These proteins do not display a N-terminal extension
but rather a C-terminal one, which is predicted to con-
tain an NLS signal exporting the protein to the nucleus
(Stacy et al. 1999).

Function of peroxiredoxins in plants

Up to now, the functions of the different plant Prx
have not been evenly characterized in all subclasses,
but all enzymes appear to have a common function
of alkyl hydroperoxide detoxification in the different
plant compartments. The putative in vivo functions of

the various plant types are detailed below, except for
those of set B2, for which no additional information is
yet available.

The chloroplastic detoxification systems: is there a
role for the dimeric 2-Cys peroxiredoxins?

The major source of production of the ROS in the
chloroplast is located at the level of PS I where
Oz combines with the reduced species generated
by the functioning of this photosystem, producing
superoxide ions and then hydrogen peroxide (Fig-
ure 4). A complex chloroplastic detoxification sys-
tem, called the Halliwell and Asada cycle fights
against these ROS and is composed of glutathione and
ascorbate and of known enzymes such as superox-
ide dismutases, monodehydroascorbate reductases and
dehydroascorbate reductases (Asada 1999).

A high number of hydroperoxide scavenging en-
zymes also exists in the chloroplast. First, there
are two different ascorbate peroxidases (APx), one
stromal and another one thylakoid-bound, which play
a crucial role in the reduction of hydrogen peroxide
but not of alkyl hydroperoxides (Asada 1999). Addi-
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Figure 3. Sequence alignment of plant peroxiredoxins. Two sequences are shown for each subclass. The accession numbers are as follows: A:
1-Cys Prx: Arabidopsis thaliana CAAT2804, Brassica napus AAF61460; B1: dimeric 2-Cys Prx: Arabidopsis thaliana AAG40348, Brassica
rapa AAF00001; B2: monomeric type I Prx: Arabidopsis thaliana BAB01069, Sedum lineare BAA90524; B3: monomeric type Il Prx: Populus
tricocharpa AF483268, Brassica rapa AAD33602. Open arrow: catalytic cysteine, dark arrow: second conserved cysteine of set B2, striped
arrow: second conserved cysteine of set B3, thin arrow: second conserved cysteine of set B1.

tionaly, chloroplastic APx is highly sensitive to ROS
and can be inactivated during treatment with high
light (Shikanai et al. 1998). Three other chloroplastic
enzymes can reduce these alkyl hydroperoxides, the
lipid hydroperoxide reductase bound to the chloro-
plastic envelope, the stromal phospholipid hydroper-
oxide glutathione peroxidase (PHGPx) and the 2-Cys
Prx (present in set B1 of Figure 2), which seems to

be thylakoid-bound but at the stromal interface (Mul-
lineaux et al. 1998; Baier and Dietz 1999a, b). The
presence of several enzymes with similar physiolo-
gical functions in the chloroplast raises the question
of their subcellular localizations, of their substrate
specificities and of their catalytic efficiencies. In the
stroma, APx is found in large amounts and is more
efficient that PHGPx for the reduction of HyO;. Nev-
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Figure 4. Pathways for Hy O, reduction in the chloroplast and in the cytosol of higher plants. The scheme depicts in part the water-water cycle
described in Asada (1999). O, ™ is produced directly at the level of the Photosystem I (PS I) or indirectly by a stromal factor (SF), maybe the
monodehydroascorbate reductase (MDAR). This radical is then transformed into HyO, by a thylakoid-bound superoxide dismutase (SOD),
either MnSOD or FeSOD. In the chloroplast, at least four Hy O reducing systems exist, two involve the stromal and thylakojd-bound ascorbate
peroxidases (sAPx and tAPX), one a phospholipid hydroperoxide glutathione peroxidase (PHGPx) reduced by glutathione (GSH) and one
a thylakoid-bound dimeric 2-Cys Prx, presumably reduced by the chloroplastic thioredoxin system composed of ferredoxin (Fd), ferredoxin
thioredoxin reductase (FTR) and thioredoxin (Trx). An additional putative HyO reducing system could be the monomeric type I Prx. In the
cytosol, a monomeric type II Prx was found to accept both thioredoxin h (Trx h) and glutaredoxin (Grx) as electron donors to reduce Hy Oy with
reducing power provided by NADPH+H™ and a NADPH thioredoxin reducatse (NTR) or a glutathione reductase (GR) and GSH, respectively.
H,0; could diffuse from other subcellular compartments (chloroplasts, peroxisomes or mitochondria) or arise from the functioning of cytosolic
enzymes. Other abbreviations: AsA — ascorbic acid; GSSG - oxidized glutathione; DHA — dehydroascorbate; MDA - monodehydroascorbate;
DHAR - dehydroascorbate reductase; FNR — ferredoxin NADPH reductase; OPP - oxidative pentose phosphate pathway.

ertheless, PHGPx could contribute to the reduction of (Herbette et al. 2002; Jung et al. 2002). Concerning the

other alkyl hydroperoxides. Moreover, enzymes ho- thylakoid-bound enzymes, APx is also more efficient
mologous to PHGPx were recently characterized and for the reduction of HyO, than the dimeric 2-Cys Prx
found to reduce hydroperoxides more efficiently in the when comparing the specific activities, but contrary to
presence of Trx as an alternate donor to glutathione APx, the dimeric 2-Cys Prx, is able to detoxify other
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hydroperoxides in vitro such as cumene hydroperox-
ide or tert-butyl hydroperoxide (Konig et al. 2002).
The thylakoid-bound localization of the Prx suggests
also that these proteins could combat lipid peroxida-
tion, which causes damage to the membranes of the
thylakoids. Konig et al (2002) propose that the 2-Cys
Prx could act not only in the water-water cycle path-
way for energy dissipation in photosynthesis, but also
in the peroxide detoxification in the plastids during the
dark phase.

The function of the 2-Cys Prx was verified in vivo
by complementing an Escherichia coli deficient strain
for the AhpC gene, the bacterial equivalent of 2-Cys
Prx (Baier et al. 1997). In addition, the Prx Q (set
B2 in Figure 2) are also assumed to be chloroplastic
and to detoxify the alkyl hydroperoxides in vitro but
the localization of these proteins has not yet been de-
scribed. The reduction of hydroperoxidesby these two
types of chloroplastic Prx is presumed to be directly
associated with the photosynthetic electron transfer
chain because of the thioredoxin dependence of the
Prx (Konig et al. 2002).

In order to investigate the importance of the 2-
Cys Prx in the detoxification process, the effect of a
suppression in Arabidopsis thaliana was studied by
engineering antisense plants (Baier and Dietz 1999a).
The results suggest an essential role of the 2-Cys Prx
in the protection of the chloroplastic structure against
oxidative damage because the levels of D1 protein,
ribulose-1,5-bisphosphate carboxylase/oxygenase, the
light-harvesting protein complex associated with Pho-
tosystem II and the subunit CFI of the chloroplast ATP
synthase decrease. It was also concluded that neither
the lipid hydroperoxide reductase, nor the glutathione
peroxidase can substitute for dimeric 2-Cys Prx prob-
ably because of different suborganellar localization of
these proteins, which leads to specific physiological
functions. The antisense suppression of the 2-Cys Prx
does not induce a change in the transcriptional ex-
pression of the enzymes involved in glutathione meta-
bolism, or of the chloroplastic glutathione peroxidase,
and it has a weak effect on the abundance of transcripts
for glutathione reductase, superoxide dismutase and
catalase (Baier et al. 2000). On the contrary, the
level of transcripts and the enzymatic activities of
the stromal and thylakoidal ascorbate peroxidases and
of monodehydroascorbate reductase increase. In this
mutant, the pool of ascorbate is highly oxidized. The
importance of reduced ascorbate in the redox regula-
tion of the 2-Cys Prx was recently studied in Riccia
Sluitans (Horling et al. 2001). When the level of ROS
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decreases, the pool of reduced ascorbate increases and
induces a decrease of the 2-Cys Prx transcript level
and the redox signaling cascade from the chloroplast
to the nucleus could be linked in part to a protein
kinase.

The 2-Cys Prx belongs to a multigenic family and
is expressed in all organs of the mature plant, ex-
cept in the roots (Cheong et al. 1999; Genot et al.
2001). There is a gradient of expression of the 2-Cys
Prx gene from the young leaves to the mature leaves,
whereas the expression decreases in aged tissues and,
as a consequence, this protein could play an import-
ant role in the early stages of plant development when
the cells are dividing or elongating (Baier and Dietz
1996; Cheong et al. 1999). An additional proof of the
importance of the 2-Cys Prx is the severe effect on
the growth of a strain of Synechocystis sp deleted for
this gene (Klughammer et al. 1998). The expression of
the 2-Cys Prx is induced in response to H,O, and to
illumination but quite weakly by methy! viologen or
metals, and it is not induced in response to ozone, or
abscisic acid and giberellic acid treatments (Baier and
Dietz 1997; Cheong et al. 1999; Genot et al. 2001;
Goyer et al. 2002).

A last piece of information about this type of en-
zymes is its possible endosymbiotic origin. Indeed,
in the red algae Porphyra purpurea, the 2-Cys Prx
is plastome-encoded whereas in Arabidopsis thaliana,
the 2-Cys Prx is nuclear encoded and the transit pep-
tide is encoded by a separate exon supporting the
hypothesis that this extension has been added during
evolution (Klughammer et al. 1998).

1-Cys Prx: a function restricted to seeds?

The 1-Cys Prx are 216 to 220 AA long and compared
to the other classes of Prx, these proteins possess a C-
terminal extension, which contains a putative nuclear
signal. An immunolocalization experiment confirmed
the presence of the protein in the nucleus of immature
embryos and aleurone cells and most predominantly
in nucleoli (Stacy et al. 1999). The presence of these
1-Cys Prx was, however, also observed in the cytosol
of these cells.

All the proteins of this type are not well biochemic-
ally characterized, and in particular the identity of the
electron donor is not known, as it is generally replaced
by the chemical reductant dithiothreitol in vitro. It will
be thus of great interest to determine the nature of this
donor.
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The 1-Cys Prx gene is only expressed in seeds and
belongs to a monogenic family (Stacy et al. 1996;
Haslekas et al. 1998). The expression was shown to
be spatially and temporally regulated. The transcripts
increase in the aleurone layer and in the imbibed em-
bryos of dormant seeds exclusively, which suggests a
role for these Prx in the control of dormancy, as HyO2
was found to be able to break the phenomenon of
dormancy (Stacy et al. 1996). In addition, many steps
of the germination process, such as the dessication
and imbibition, are critical because of the formation of
ROS. As the 1-Cys Prx possess an in vitro peroxidase
activity, another hypothesis is that the Prx protects the
only two tissues which survive the dessication step.
Given that other seed antioxidants, such as superox-
ide dismutase and catalase, are found throughout the
plant, the seed-specificity of the Prx suggests a key
role for this enzyme in this tissue (Haslekas et al.
1998). To investigate the exact function of the 1-Cys
Prx, transgenic tobacco plants constitutively overex-
pressing the rice 1-Cys Prx gene have been generated
(Lee et al. 2000). The frequency of germination of
these plants was similar to the control plant but the
transgenic lines exhibited a higher resistance against
oxidative stress, suggesting that the essential role of
1-Cys Prx is protection against oxidants.

Monomeric type II Prx

A poplar Prx with two conserved cysteines is as-
sumed to function as a 1-Cys Prx because site-directed
mutagenesis has demonstrated that only the catalytic
cysteine of the poplar Prx is essential for hydroper-
oxide reduction (Rouhier et al. 2002). Moreover, this
enzyme is the only plant Prx so far characterized, that
can accept both glutaredoxin (Grx) and thioredoxin as
an electron donor (Rouhier et al. 2001). The only other
biochemically characterized Prx of this group is from
Brassica rapa, which was shown to be Trx dependent,
but Grx was probably not tested (Choi et al. 1999).
It will also be of interest to characterize the proteins
of this class putatively routed to the chloroplast, in
order to verify the specificity of the electron donor
because no glutaredoxins have so far been found in
the chloroplast. Additional informations about the Grx
dependence of the Prx is provided by the numerous
existing fusion sequences in the nucleotide databases
between Grx and Prx modules and by the character-
ization of this type of protein in Chromatium gracile
(Vergauwen et al. 2001).

Perspectives

Different Prx isoforms have been characterized in sev-
eral plant compartments such as the chloroplast, the
nucleus and presumably the cytosol. Nevertheless, the
increasing number of plant sequencing projects could
well lead to the description of new plant Prx isoforms
localized in the mitochondria or in the peroxisome, as
already shown in mammals or in yeast (Knoops et al.
1999, Yamashita et al. 1999, Pedrajas et al. 1999). The
presence of a complete thioredoxin system in plant mi-
tochondria indicates that a functional electron donor
system is present for any putative Prx present (Laloi et
al. 2001). Interestingly, Dietz et al (2002) describe the
existence in Arabidopsis thaliana of a sequence whose
gene product is presumed to be mitochondrial.

One domain to explore in plants is related to the
broad substrate specificities of Prx. Indeed, in addition
to hydroperoxides, bacterial Prx have been demon-
strated to be able to reduce different reactive nitrogen
species, and particularly peroxynitrites, into nitrites
(Chen et al. 1998, Bryk et al. 2000). Recently, a Prx
from Leishmania chagasi was also found to detoxify
hydroxyl radicals (Barr and Gedamu 2001). Moreover,
a thioredoxin peroxidase from yeast was proposed to
eliminate reactive sulfur species (Chae et al. 1994b)

Another challenge for plant Prx is to determine the
in vivo functions of these proteins. Some indications
provided by the studies in mammalian cells suggest
that Prx are involved in cell differentiation and prolif-
eration (Nemoto et al. 1990; Prosperi et al. 1993) and
in apoptosis (Zhang et al. 1997; Kowaltowski et al.
2000; Berggren et al. 2001). All these functions seem
to be linked to the antioxidative properties of the Prx.
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Les travaux récents sur les Prx de plante qui ne sont pas inclus dans l'article
de synthése précédent sont résumés dans cette partie.

Les Prx a 2 cystéines sont des protéines chloroplastiques impliquées dans la
protection des membranes des thylakoides et semblent obtenir avec une efficacité
variable leur pouvoir réducteur de différentes isoformes de Trx chloroplastiques, les
Trx m, les Trx f, les Trx x ou une Trx-like protéine appelée CDSP32 (chloroplastic
drought-induced stress protein of 32 kDa), vraisemblablement au travers du transfert
d’électrons photosynthétique et de la ferrédoxine (Broin et al., 2002 ; Kénig et al.,
2002 ; Collin et al., 2003). CDSP 32 est une protéine chloroplastique avec un module
Trx actif en position C-terminale qui, comme son nom l'indique, est impliquée dans la
réponse a différents stress oxydants et notamment a un stress hydrique sévere (Rey
et al.,, 1998 ; Broin et al., 2000). L'attachement de la Prx a 2 cystéines aux
membranes des thylakoides s’effectue suite a une oligomérisation de la protéine
lorsqu’elle est réduite ou dans un état d’oxydation irréversible, en présence
d’ascorbate ou de fortes concentrations en sels (Konig et al., 2002 ; Konig et al.,
2003). Par ailleurs, cette Prx a 2 cystéines possede un large spectre de substrats
allant du peroxyde d’hydrogeéne aux phospholipide hydroperoxydes en passant par
des alkyl hydroperoxydes (Konig et al., 2003). De plus, elle est capable de lutter
contre les especes nitrées réactives. Cette aptitude a été mise en évidence in vivo
par des études de complémentation de souches de levures mutées au niveau des
homologues cytosoliques des Prx a 2 cystéines (Tsal et Tsa2) et sensibles aux
RNS. Cette capacité a été confirmée in vitro en suivant I'inhibition par cette Prx de
'oxydation de la dihydrorhodamine 123 par les peroxynitrites (Sakamoto et al.,
2003).

Un important travail de caractérisation des différentes isoformes de Prx
exprimées chez A. thaliana a été réalisé. Au niveau biochimique, toutes les
isoformes testées possédent une activité de réduction du peroxyde d’hydrogene
(Horling et al., 2003). Par ailleurs, I'expression des différentes isoformes a été suivie
au niveau des transcrits et des protéines en fonction des différents tissus et de leur
age, de stress salin ou oxydant, de l'alternance entre faible et forte intensité
lumineuse ou d'un apport en ascorbate (Horling et al., 2002 ; Horling et al., 2003).
Les résultats obtenus démontrent que parmi les isoformes chloroplastiques, les
profils d’expression sont sensiblement identiques quels que soient les traitements

réalisés, mais que les Prx, situées dans les différents compartiments cellulaires
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semblent étre régulées de maniere différente. Par ailleurs, I'analyse du protéome de
mitochondrie d’A. thaliana en réponse a des stress oxydant provoqués par le
peroxyde d’hydrogéne ou la meénadione indique que I'expression de la Prx IIF
mitochondriale est augmentée plus de 3 fois (Sweetlove et al., 2002).

Enfin, alors que toutes les Prx a 1 cystéine étudiées jusqu’a présent étaient
localisées dans les noyaux des cellules des graines, une isoforme issue de
Xerophyta viscosa est localisée dans les noyaux des cellules des tissus végétatifs et

son expression est induite lors de divers stress abiotiques (Mowla et al., 2002).
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3.2 Les méthionine sulfoxyde réductases

Les méthionine sulfoxyde réductases veégeétales ont été tres peu étudiées
jusqu’a présent et de ce fait les données concernant ces enzymes sont rares. Je vais
donc décrire dans ce chapitre les quelques informations existant chez les plantes et
surtout détailler les résultats obtenus chez d’autres organismes.

Sous l'action de radicaux toxiques tels que le peroxyde d’hydrogene (H,0,), les
ions superoxydes (O; ) et les radicaux hydroxyles (OH °), la méthionine (Met) peut
étre oxydée en méthionine sulfoxyde (MetSO), phénoméne réversible, ou en
méthionine sulfone, a priori irréversiblement (Figure 4). La réduction des MetSO en
Met est effectuée par des enzymes ubiquitaires appelées méthionine sulfoxyde
réductases (Msr) ou peptide méthionine sulfoxyde réductases (pMSR). Ces enzymes
sont capables de réduire les résidus MetSO libres ou intégrés dans les protéines.
Elles nécessitent I'apport de pouvoir réducteur fourni par le systeme Trx (Russel &
Model, 1986 ; Boschi-Muller et al., 2001). La premiére mise en évidence de la
fonction de ces enzymes a été réalisée a partir d’études sur une souche
d’Escherichia coli (E. coli) auxotrophe pour la Met mais pouvant se développer en
présence de MetSO (Ejiri et al., 1979). Les auteurs ont pu vérifier qu'un type de Msr,
appelé par la suite méthionine sulfoxyde réductase de type A (MsrA), était capable
de réduire les MetSO en Met. Par la suite, le séquencage complet de certains
génomes, de récentes études de stéréospécificité et la caractérisation de mutants
MsrA™ ont mis en évidence I'existence d’'un second type de Msr appelé MsrB (type B)
(Grimaud et al., 2001 ; Singh et al., 2001).

3.2.1 Les MsrA
3.2.1.1 les différentes familles

Les MsrA sont des enzymes monomériques dont la masse moléculaire varie
entre 25 et 35 kDa. La présence de cette enzyme a été démontrée aussi bien chez
les eucaryotes que chez les eubactéries et les archébactéries. La comparaison de
séquences de MsrA permet de distinguer 6 six sous-classes en fonction du nombre

et de la position des cystéines conservees (Figure 11, Tableau IV). Les positions de
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référence sont 51, 54, 198 et 206, selon la numérotation des cystéines de I'enzyme

d’E. coli.

POSITION DES CYSTEINES

51 54 198 206

Escherichia coli,

Bos taurus, + 0 + +
Arabidopsis thaliana

Deinoccocus radiodurans,

Sulfolobus solfataricus + + + 0

Neisseria meningitidis,
Saccharomyces cerevisiae + 0 + 0

Bacillus subtilis,

Staphylococcus aureus + + 0 0
Rhodobacter capsulatus + 0 0 0
Gracilaria gracilis + 0 0 +

Tableau IV : Position des cystéines essentielles dans les différentes familles

de MsrA. + : présence ; 0 : absence

Ec 1 - VBL FDKKHL VSPADAL PGRNTPMPVATLHAVNG HSM - TN 39
Ech I LR R R TR PP M ANFDKTQPI GQSDALPGRTTPMPVARLHVVNQ HSM- - TH 39
Hs 1 M.SATRRACQLLLLHSLFPVPRMGENSASNI VSPQEAL PCRKEQTPVAAKHHVNGNRTV- - EP 60
Bt 1 M.SVTRRALQ - LFHSLFPI PRMEDSAAKI VSPQEAL PGRKEPL VWAAKHHVNGNRTV- - EP 58
Cs R R R R R R LR MBWL GKL GL GGL GGSP- RASAASAALAQGPDE- - - - - - DR 33
At 1 - MNI LNKLA G- - - SSR- QTNVDPSPI AQVI DD- - - - - - EA 30
Dr 1 e MOWHPL CEHGAPHNSSMIQQTNSQ- - - - G- - - - - - TQ 28
Ss R R R R

Sc 1 s MSSLI SKTI KY- - - - - - - D 12

Nm 131 AQSLNI SVYPSWAL| GKDGDVQRI VKGSI NEAQALAL | RDPNADL GSLKHSFYKPDTQKKDS 193
Bs R e L
Sa R R R R
Rc 1 - MRRLVLALALALATPAFAEEFRVI PPPAVD- - - - - AA 32
& 226 GSDDVHGLDARNELI PMLTSAAASVSSPAATEVL SAEEEQTETDTALPADWVSE- - - - - - EK 282
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Ec VPDGVEI Al FAMGECFWGVERLFWOLPG - VYSTAAGYTGG - - YTPNPT- - - YREVCSGDTG 92
Ech VPDHVEVAI FAMGCFWGVERL FWQQPG - VYSTASGYCGG - - YTPNPT- - - YREVCTGKTG 93
Hs FPEGT QVAVFGVIGCFWEAERKFW/LKG- - VYSTQVGFAGG - - YTSNPT- - - YKEVCSEKTG 114
Bt FPEGT QVAVFGVIGCFWGAERKFWILKG- - VYSTQVGFAGG - - YTPNPT- - - YKEVCSGKTG 112
Cs PAAGNEFAQFGAGCFWEVELAFQRVPG: - VTRTEVGYSQG: - - NLHDPT- - - YEDVCTGATY 87
At PAPGNQFTQFGAGCFWEVELAYQRVPG: - VTQTEVGYSQG - - | THDPS- - - YKDVCSGTITN 84
Dr PGAAQEQAI FAGGCFWETEAVMDLRG - VOKVESGYI GG - - TVPNPD- - - YRSVCGEQTG 81
Ss - - - - MEVATLGGGCFWETEAVYKRVKG- - VI SVKPGYSGG- - - HYPNPT- - - YEDVCTDTTG 50
Sc P- AKDKLI TLACGCFWGTEHMYRKYLNDRI VDCKVGYANGEESKKDSPSSVSYKRVCGETD 73
Nm KI MNTRTI YLAGGCFWELEAYFCQRI DG- - VWDAVSGYANG - - NTKNPS- - - YEDVSYRHTG 247
Bs MSEKKEI ATFAGGCFWEMVKPFDEQPG: - | EKVWSGYTGG - - HTENPT- - - YEEVCSETTG 54
Sa - - MTKEYATLAGGCFWEMVKPFTSYPG - | KSWSGYSGG- - - HVDNPT- - - YEQVCTNQTG 52
Rc ALTGPETAI FAGGCFWGEVQGVFQHLNG: - VI SATSGYAGG: - - TAATAH- - - YDQVSGGETG 86
(€} PKTETKEI VFGAGCFWEVELAFQRVAG- - VLKTEVGYSNG - - KMSRVT- - - YDAI CTGATG 335
* % % % * * * *
Ec HAEAVRI VYDPSVI SYEQLLQVFWEN- HDPAQGVRQGNDHGTQYRSAI YPLTPEQDAAARAS 153
Ech HAEAVRVVFDPAVVSYPQLL QL FVEN- HNPAQGVRQGNDI GTQYRSAI YTLTTEQETAAKES 154
Hs HAEVWRVWWYQPEHVSBFEEL LKVFVWEN- HDPTQGAVRQGNDHGTQYRSAI YPTSAKQVEAALSS 175
Bt HAEVVRWFQPEHI SFEEL L KVFVWEN- HDPTQGVRQGNDHGSQYRSAI YPTSAEHVGAALKS 173
Gs HNEVVRVHYDVSACKFDDL L DVFWAR- HDPTTPNRQGNDVGTQYRSG YYYTPEQEKAARES 148
At HAEI VRVQYDPKECSYQSL L DL FW5K- HDPTTLNRQGNDVGTQYRSA YFYNPEQEKLARES 145
Dr HAEAVRVTFDPNQ SYRDLLGLFFAT- HDPTSLNRQGADVGTQYRSALFPLTQEQEQTAREM 142
Ss HAEVWQ TFDSSI | SYREI LElI FFEI - HDPTTLNRQGNDVGTQYRSI | LYHNEEQRKI AEEM 111
Sc FAEVLQVSYNPKVI TLRELTDFFFRI - HDPTTSNSQGPDKGTQYRSGLFAHSDADLKELAKI 134
Nm HAETVKVTYDADKLSLDDI LQYFFRV- VDPTSLNKQGNDTGTQYRSGVYYTDPAEKAVI AAA 308
Bs HREAVQ TFHPDVFPYEKLLELFWXQ- | DPTDAGGQFADRGSSYRAAI FYHNDKQKELAEAS 115
Sa HVEAVQ TFDPEVTSFENI LDI YFKT- FDPTDDQGQFFDRGESYQPVI FYHDEHQKKAAEFK 113
Rc HAEAVQVVFDPKQ SYGDLLQVFFSVAHDPTQLNRQGPDVGPQYRSALFPVTEDQARI AKAY 148
(€] SAEVWWRVWYDPSVL FLKQLLEVWESR- HDPTSL NKQGNDQGTQYRSAI YYSDEEQAEEVRRW 396
* * * * * *
Ec LERFQAAMLAADDDRHI TTEI ANATPFYYAEDDHQQYLHKNPY- GYCA GE GVELPPEA- - 212
Ech YQRFQQAMRDAGNDHDI TTEI QPAGPFYYAEDEHQQYLHKNPD- GYCGLGA GVCLPPQG - 213
Hs KENYQKVLSEHGFG- PI TTDI REGQTFYYAEDYHQQYL SKNPN- GYCGLGGTGVSCPVAE KK 235
Bt KEDYQKVLSEHGFG- LI TTDI REGQTFYYAEDYHQQYL SKDPD- GYCGLGGTGVSCPLA KK 233
(03 LEKQK- - - - L- LNRTI VTEI LPAKRFYRAEEYHQQYLAKGGERFG-RQSAEKGENDPI REYG 205
At LERHQQ - - - @ VDRKVVTEI LPAKKFYRAEEHHQQYL SKGGRFGLKQSTEKGENDPI REYG 202
Dr | EQLGT- - - EDVFGRPI VTSI EPASTFYVAEDYHOQNYYKNNPGQGYEMVAVI SPKVAKLRQYY 201
Ss | REV- - - - - EKRI GKKVVTELKPFEVFYEAEDYHHDFYDKHKYNPYCRLVI SPKVKKFMKLF 168
Sc KEEWQP- - - - K- WGNKI ATVI EPI KNFYDAEEYHQL YL DKNPQGYACPTHYLREM: - - - - - - 184
Nm LKREQQ - - - K- YQLPLVVENEPLKNFYDAEEYHQDYLI KNPN- GYCHI DI RKADEPLPGKT 364
Bs KQRLAE- - - SG@ FKDPI VTDI LKAEPFYEAEGYHQHFYKKNPAHYQRYRTGSGRAGHI SEHW 174
Sa KQQLNE- - - Qd FKKPVI TPI KPYKNFYPAEDYHQDYYKKNPVHYYQYQRGSGRKAFI ESHW 172
Rc | DQLGR- - - ARAFDAAI VTQLDPGAAFYPAEAYHONFLTLNPDHPYI VQVDVPKI AALERMF 207
(€] | SEAST- - - - R- HTKEI VTEVAAI KNYCAAEEYHOQRYLEKKG - - - - QSAEKGSSASI REYG 448
* % *

| 212

Ech - ---meemeeea - 213

Hs  cmeemeeee oo 235

Bt = e 233

(O T 205

. S 202

Dr AKLR---------- 206

Ss PDKVKI HEG- - - - - - 177

o e 184

Nm KTAPQGKG-DAATYK 379

Bs GAK---------- - 177

Sa CNONA- - - - - - - - - - 177

Rc PQDWREVPVLLPVAD 222

[ D 448
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Figure 11 : Alignement des 6 sous-classes de MsrA.

Rc : Rhodobacter capsulatus, Bs : Bacillus subtilis, Sa : Staphylococcus aureus,
Dr : Deinococcus radiodurans, Ss : Sulfolobus solfataricus, Ec : Escherichia coli,
Ech : Erwinia chrysanthemi, Hs: Homo sapiens, Bt: Bos taurus, Os: Oryza
sativa, At: Arabidopsis thaliana, Gg: Gracilaria gracilis, Sc: Saccharomyces
cerevisiae, Nm: Neisseria meningitidis. Les séquences d'H. sapiens, E.
chrysanthemi et O. sativa ne sont pas reportées dans le tableau IV mais
appartiennent au groupe 1. Les astérisques correspondent aux acides aminés
conserveés. Les cystéines en fond gris représentent les cystéines en position
conservée a l'intérieur de chaque sous-classe (numérotation d’E. coli: 51, 54,

198 et 206) et susceptibles de participer au mécanisme catalytique.

Le premier type est représenté par les MsrA d’E. coli et de mammiferes qui
possedent les trois cystéines catalytiques 51, 198 et 206, mais pas la cystéine 54.
Ce groupe renferme la plupart des MsrA d'origine végétale méme si elles different
d’'une part en position C-terminale par la nature des acides aminés environnant les
deux cystéines (absence dans les séquences végétales des nombreuses glycines) et
d’autre part par la présence de seulement 5 acides aminés entre ces deux cystéines
au lieu de 7 pour I'enzyme d’E. coli. Une deuxiéme sous-classe représentée entre
autres par la protéine de Deinococcus radiodurans, ne possede pas la cystéine 206,
mais présente les cystéines 51, 54 et 198. Les enzymes identiques a celle de
Saccharomyces cerevisiae ne possedent pas cette fois les cystéines 54 et 206, et
pourraient donc former un autre groupe. La protéine PILB de Neisseria meningitidis
est incluse dans ce groupe bien que possédant un module MsrB en fusion et une
extension N-terminale. Un quatrieme type de MsrA est représenté par I'enzyme de
Bacillus subtilis qui ne possede pas les cystéines 198 et 206, mais comporte les 2
résidus en position 51 et 54. Une cinquieme classe représentée par une séquence
putative de Rhodobacter capsulatus, posséde uniquement la cystéine 51. Enfin,
I'enzyme de l'algue rouge Gracilaria gracilis est particuliere non seulement parce
gu’elle est fusionnée a deux modules Grx en position N-terminale, mais aussi parce
gu’elle ne possede que les cystéines 51 et 206, mais pas les cystéines 54 et 198.

Cette comparaison permet également d’identifier, outre les cystéines
catalytiques, un certain nombre de résidus essentiels. Ainsi, toutes les enzymes
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présentent une séquence consensus conservée de type GCFW autour de la
premiére cystéine catalytique du site actif. La substitution de chacun de ces acides
aminés, excepté de la glycine, dans la MsrA de S. cerevisiae entraine une perte
totale d'activité de I'enzyme (Moskovitz et al., 2000). Enfin, certaines MsrA de
mammiféres possedent une extension N-terminale de 23 acides aminés qui dirige la

protéine vers les mitochondries (Figure 11) (Hansel et al., 2002).

3.2.1.2 La structure

Actuellement, les seules structures obtenues, par cristallographie aux rayons
X, sont celles des enzymes d’E. coli et de Bos taurus (Tete-Favier et al., 2000 ;
Lowther et al., 2000). Le cceur de I'enzyme est composé d’un feuillet B composé de 8
brins, entouré de 4 hélices a. Les parties N et C-terminales de I'enzyme de B. taurus
ne sont pas structurées (Figure 12). La cystéine catalytique 72 est exposée et
accessible au substrat (humérotation de I'enzyme de B. taurus). Les cystéines 72 et
218 sont distantes de 8,6A et les cystéines 218 et 227 de 21A. Ces distances ne
sont pas compatibles avec la formation de ponts disulfures a moins d’'importants

réarrangements conformationnels.

C227
C218

Cr2

C107

Figure 12 : Structure tridimensionnelle de la MsrA de B. taurus (1FVA) (Lowther et
al., 2000). La séquence est visualisée grace au logiciel RasMol. Les hélices o sont
représentées en rose, les brins B en jaune et les cystéines et leur atome de soufre en

bleu et vert respectivement.
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3.2.1.3 Le mécanisme catalytique

Des études paralleles réalisées sur la MsrA d’E. coli et sur la MsrA de B.
taurus ont conduit les différents auteurs a proposer un mécanisme sensiblement
identique, mais présentant tout de méme une différence lors de la premiére étape de
catalyse, a savoir la formation ou pas d’un SOH.

La MsrA d’E. coli posséde quatre résidus cystéine en position 51, 86, 198, et
206. Les cystéines 51, 186 et 206 sont impliquées dans I'activité de réduction Trx
dépendante de la MetSO en Met alors que la cystéine 86 ne I'est pas mais pourrait
jouer un réle dans la formation de diméres (Boschi-Muller et al., 2000 ; Boschi-Muller

et al., 2001). Le mécanisme réactionnel est présenté en Figure 13.

<]

.
P i
R—S—CH.
5139’\}")) 5135?——0&%3 3 5,sg0H
] [ © (&)
1085 + /S\ H‘——'_“”'IA 1gase R 1B ;' 1985
Cl (¢}
20687 R 3 2088 H 2065

w A
NADPH
or DTT H,O
51 s® -— 513’:_‘]
1QBSj B 198
(E]
2065 2065

Figure 13 : Mécanisme catalytique de la MsrA d’E. coli (d’aprés Boschi-Muller et
al., 2001). Les trois étapes majeures de la réduction de la MetSO sont détaillées dans

ce paragraphe.

La forme thiolate de la cystéine 51 attaque I'atome de soufre de la MetSO
aboutissant, via un réarrangement, a la formation d'un SOH intermédiaire au niveau

de cette cystéine et libere une mole de Met. Le SOH est ensuite réduit via la
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formation d’'un pont disulfure entre les cystéines 51 et 198, suivi par la formation d’'un
second pont disulfure entre les cystéines 198 et 206, libérant la cystéine 51, a
nouveau libre pour I'attaque d’une deuxieme molécule de MetSO. Le pont disulfure
entre les cystéines 198 et 206 est ensuite réduit par les Trx. Ainsi, pour une mole
d’enzyme, deux moles de MetSO sont réduites en Met, puisque la cystéine peut
effectuer une seconde attaque nucléophile, corroborant les observations issues de
I'étude des mutants monocystéiniques obtenus par mutagenese dirigée. En effet,
aucune mole de Met n'est formée avec le mutant C51S dans lequel la cystéine est
mutée en seérine et une seule mole de Met est formée avec les mutants C198S et
C206S au lieu des deux attendues dans le cas de la protéine sauvage. Les auteurs
qui ont travaillé sur la MsrA de B. taurus proposent un mécanisme catalytique
legerement différent dans lequel un pont disulfure intermédiaire entre la cystéine 72,
équivalente a la cystéine 51 d’E. coli, et la MetSO est formé et non pas un SOH
(Lowther et al., 2000).

3.2.2 Les MsrB

3.2.2.1 les différentes familles

Les MsrB sont des enzymes de masse moléculaire de I'ordre de 12 a 15 kDa
présentes chez tous les organismes. Chez les vertébres, les MsrB sont plus connues
sous le nom de SelR ou SelX, du fait de la présence d’un résidu sélénocystéine dans
la partie C-terminale a la place d’'une des cystéines catalytigues (Kryukov et al.,
2002). La présence de cette sélénocystéine dans les enzymes de mammifere est
essentielle a leur activité et son remplacement par une cystéine diminue
enormément leur efficacité catalytique (Bar-Noy & Moskovitz, 2002). Ces enzymes
ne possedent pas d’identité de séquence avec les MsrA. L'alignement de diverses
séquences de MsrB permet de répartir ces enzymes selon 5 sous-groupes en
fonction d’'une part de la présence d’'un résidu sélénocystéine ou d’'un a 2 résidus
cystéinyls et d’autre part de la présence ou I'absence de 2 motifs CxxC permettant la
fixation d'un atome de zinc (Figure 14 et Tableau V). Des études récentes sur la
MsrB de Drosophila melanogaster ont montré que la mutation d’une de ces cystéines
ne permet plus la fixation d’'un atome de zinc, et entraine également une perte
d’activité de I'enzyme (Kumar et al., 2002). Dans ce type de protéine, le zinc jouerait

un réle de stabilisateur de la structure protéique.
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C74 C128 U128 PRESENCE DE
ZINC
Homo sapiens SEL X,
Mus musculus SEL R 0 0 + +
Escherichia coli,

Drosophila melanogaster + + 0 +

Rhodobacter sphaeroides
Pseudomonas aeruginosa 0 + 0 +

Bacillus halodurans
Clostridium acetobutylicum + + 0 0
Legionella pneumophila,

Pseudomonas europae 0 + 0 0

Tableau V : Les 5 sous-groupes de MsrB.
Cette classification est basée sur la présence ou I'absence des cystéines 74 et
128 ou de la sélénocystéine 128 (U128) (numérotation d’E. coli) et des motifs de

fixation du zinc.

Le premier groupe renferme des sélénoprotéines trouvées chez les
mammiféres. Ce sont des protéines a zinc avec une sélénocystéine comme seul
résidu catalytique. Un autre groupe, formé notamment des protéines d’E. coli et de
D. melanogaster, posséde les cystéines 74 et 128 et un atome de zinc. Les protéines
du troisieme groupe possedent également un atome de zinc, la cystéine 128 mais
pas la cystéine 74. La quatrieme catégorie de MsrB, incluant 'enzyme de Bacillus
halodurans, renferme les 2 cystéines mais pas de zinc. Enfin, les enzymes de la
derniére classe, retrouvée chez Pseudomonas europae, ne présentent que la
Cys128.

HOMD S SEL X 1 = mmm o mmmmmmommmm oo omee oo eaioooao-

Mus m SEL R R e e P

Escherichia ¢ 1 ---------------ommmmm o MSTI KVRCEQVANKPS 16
Drosophila m R L MDNKSEKVTVN 11
Rhodobacter s R MIDEREKVVKS 11
Pseudombnas a 1 ------------mmm oo VBKI DKP- 7
Gostridiuma 1 ------mmmmm oo oo M 2
Bacillus h e e MIEQ 4
Legi onel l a_p 1 - MTKLI SWFYLFI | PNVMAYTPQFN 25

Pseudononas e 301 | PWATKNTNPPADWI LDKPLFAAPTI VLFREGKEVVRYTGYTGEKENFW 351
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Homb s SEL X =~ ----c-monon-- VBFCSFFGGEVFQNHFEPGVYVE@AKE@GYELFS- - - - - 32
Mis mMmSEL R ----mmmoa-- MBFCSFFGGEVFQNHFEPGVYVEAKCSYELFS- - - - - 32
Escherichia ¢ KNL SEMQFYVTQNHGTEPPFTGRLLHN- KRDGVYHEL| €DAPLFHAEELK 65
Drosophila m KRL TPVQYQVTQEAGTERPFTGCYNKH- YEKGVYQE! VEHQDLFSKEELR 60
Rhodobacter s AEL SELAYKVTRKHGTERAGTHDDFP- - KEPGVFREVGEGAPLFDDAEWR 59
Pseudononas a EEL TEEQFHI CRLGGTERAFSGEYHAT- KTPG YHETCEGTALFDLDSWR 56
dostridiuma KKLTPLQYEVTQNNATEPPFNNEYWDN- KSEG YVDI | SGKPLFTKDDLS 51
Baci | lus h KKLTPLQYEVTQNNGTEPPFRNEYYDL - EAEG YVDI VSGKPLFSNEELK 53
Legi onel l a_p KKLTPLQYQVTQNGATEKSFDNAYWNN- KEEG YVDI VSGEPLFSKSEQL 74
Pseudononas e QWL TPEQQKI AFQQGTERPFTASNLDE- KRPGRFVDP| TGATLFFQALGF 400
* * %
Homo s SEL X SRSKYAHSSPWPAFTETI HADSVAKRPEHNRS- - EALKVS@GKEGNGLGH 80
Mus m SEL R SHSKYAHSSPWPAFTETI HPDSVTKCPEKNRP- - EALKVSCGKEGNGLGH 80
Escherichia ¢ SQTKYDSGCGAPSFYEPVSEESI RY! KDLSHG- MQRI El REGNEDAHLGH 114
Drosophila m SETKYDSGCGAPAFNDVL DKGKVTLHRDASI PERI RTEVREARCNAHMGH 110
Rhodobacter s QAQKFESGTGAPSFWAPI DPEAVET SVDRSFF- MRRTEVHCARCEAHLGH 118
Pseudononas a SDAKYDSGSGAPSYFQPVDAEAVREL DDFSHG- VHRI EVREGREDAHLGH 105
dostridiuma SLDKFDSGCGAPSFTKPI VKENI KANTDFSYN- MKRI El RSKDSDSHLGH 100
Baci | lus h SKDKYDAGCGWPSFTKPI DEEEVI EKEDRSHG- MFRTEVRSKQADSHLGH 102
Legi onel l a_p SNDKYDSGTGAPSFTKPI DTSYLVFHTDRSYFFI VRTEVRSKYANSHLGH 124
Pseudononas e SKTKFNSGTGAPSFFEPVEG- SVTYHEDHSGY- MQRI EVRSASSG HLGH 448
* * % * *
Homo s SEL X EFLNDGP- KPGQSRFUI FSSSLKFV- - - PKGKETSASQGH - - - - - - - - - 116
Mis m SEL R EFLNDGP- KRGQSRFUI FSSSLKFV- - - PKGKEAAASQGH - - - - - - - - - 116
Escherichia ¢ VFP- DGP- QPTGERYCVNSASLRFT- - - DGENGEEI NG - - - - - - - - - - - 147
Drosophila m VFE- DGP- KPTRKRYCI NSASI EFVNADPATSSPPVATPTAAPI AQQ - - 155
Rhodobacter s VFP- DGP- QPTGLRYCMNGVAMIFE- - - PKG - = - === === === === - - - 134
Pseudononas a VFP- DGP- RPTGLRYCI NSASLKLV- - - PRES- - - - == === === === - - - 132
dostridiuma VFD- DGPKDKGGLRYCl NSASLKFI - - - PKEALEEEGYGEYLKLFNKKEE 146
Baci | lus h VFP- DGP- GPNGLRYCl NSAALRFI - - - PKADLEKEGYGKYKALFD- - - - 143
Legi onel l a_p VFK- DGP- EPTGLRYCMNSAALKEFI - - - PKKEMEQAGYGEYLYLFNKK- - 167
Pseudononas e VFD- DGP- PPSYKRYCI NGNVLKFI - - - PD- - - = - == -m e e e oo - - 472
* * % %
Figure 14 : Alignement de séquences des 5 sous-classes de MsrB.
Legionella p: Legionella pneumophila (orf4A0@23), Pseudomonas e:

Pseudomonas

a: Clostridium

europae (orfl165@Scaffold_1), Clostridium
acetobutylicum (NP_348177), Bacillus h: Bacillus halodurans (NP_242313),

Escherichia coli (NP_754077),
(NP_650030),

Pseudomonas s:

Escherichia ¢ Drosophila m : Drosophila

melanogaster Rhodobacter s: Rhodobacter
(ZP_00007839),

Homo s SEL X: Homo sapiens selenoprotein X (NP_057416), Mus m : Mus

sphaeroides

Pseudomonas aeruginosa (NP_251517),

musculus selenoprotein R (NP_038787). Les séquences sont issues des
banques de données Pedant et NCBI. Les astérisques correspondent aux acides
aminés conserveés. La numérotation utilisée est celle d’E. coli. Les U représentent
les sélénocystéines. Les cystéines et sélénocystéines (positions 74 et 128) en
fond gris clair représentent les acides aminés catalytiques. Les cystéines en gris
foncé incluses dans un motif CxxC (positions 56, 59, 105 et 108) participent a la

fixation d'un atome de zinc (Kumar et al., 2002).
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3.2.2.2 La structure

D’un point de vue structural, seule la structure tridimensionnelle d’'un motif
MsrB appartenant a un facteur de virulence de Neisseria gonorrhoeae nommé PILB,
a pu étre résolue (Figure 15) (Lowther et al., 2002). Le cceur de I'enzyme est formé
de deux feuillets B anti-paralleles, qui sont entourés de 3 hélices o et de 5 hélices
310. Une triade catalytique essentielle est composée de la cystéine 495, de I'arginine
493 et de I'aspartate 484. Les groupements thiols des 2 cystéines en position 440 et
495 se font face et sont distants de 2,96 a 3,25 A, distance beaucoup plus favorable

pour la formation d’un pont disulfure que celle séparant les cystéines des MsrA.

Figure 15 : Structure tridimensionnelle du motif MsrB de la protéine PILB de N.

gonorrhoeae (1L1D) (Lowther et al., 2002).

Il existe deux positions spatiales différentes pour le groupement thiol de la cystéine

494 qui refletent I'état de la protéine dans les cristaux. La représentation utilisée est la

méme que celle utilisée pour la Figure 12.

3.2.2.3 Le mécanisme catalytique

Les MsrB ont un mécanisme catalytique similaire aux MsrA, avec la formation

transitoire d’'un SOH mais qui ne fait intervenir généralement que 2 cystéines alors
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gue 3 cystéines sont essentielles pour les MsrA (Boschi-Muller et al., 2000 ; Kumar
et al., 2002 ; Olry et al., 2002).

Chez N. meningitidis, le motif MsrB du polypeptide PILB posséde deux cystéines en
position 439 et 494, impliquées dans la réduction de la MetSO (Olry et al., 2002).
Ces cystéines sont équivalentes aux cystéines 69 et 124 de la MsrB de D.
melanogaster (Kumar et al., 2002). La différence notable entre les deux enzymes est
I'absence dans I'enzyme de N. meningitidis des cystéines pour la fixation du zinc. Le
mécanisme réactionnel, identique pour ces deux protéines, est présenté en Figure
16. Pour les MsrB ne possédant pas I'équivalent de la cystéine 69 ou 439, il semble

gue l'acide sulfénique soit directement attaqué par la Trx (Jung et al., 2002b).

O +
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NADPH E439 3:|
or DTT S

Figure 16 : Mécanisme catalytique du motif MsrB de la protéine PILB de N.
meningitidis (d 'apres Olry et al., 2002).

Dans cet exemple, la forme thiolate de la cystéine 494 attaque I'atome de
soufre de la MetSO pour former un SOH intermédiaire et libérer une mole de Met. Ce
SOH est a son tour attaqué par la cystéine 439 aboutissant a la formation d’un pont
disulfure entre les cystéines 439 et 494. Ce pont disulfure sera ensuite réduit par les
Trx, permettant de réactiver 'enzyme. Ce mécanisme semble étre applicable a une

grande majorité de MsrB.
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Cependant, les comparaisons de séquences indiguent notamment que la
MsrB humaine hCBS1 ne posséde pas la seconde cystéine catalytique dans une
position conservée, mais que celle-ci se trouve en position légérement décalée. La
mutation de cette cystéine n’influence pas l'activité de I'enzyme au contraire de celle
de la cystéine d’attaque en position 169, équivalent a la cystéine 494 de PILB (Jung
et al., 2002b). Ces travaux suggerent que cette enzyme fonctionne selon un
mécanisme catalytique différent des autres MsrB, vraisemblablement par la réduction
du SOH directement par les Trx. Cette hypothese est renforcée par I'existence de
nombreuses séquences qui ne possédent pas la cystéine équivalente a celle située

en position 494 de PILB ou 69 de la protéine de D. melanogaster (voir § 3.2.2.1).

3.3 La réduction des MetSO libres

L’oxydation chimique de l'atome de soufre asymétrigue de la méthionine
produit deux épimeres de MetSO, les formes R ou S, qu'elles soient libres ou
intégrées dans un polypeptide. Les MsrA et la fSMsr, une enzyme spécifique des
formes libres de la MetSO, sont capables de réduire I'énantiomere libre S-MetSO
mais pas la R-MetSO (Moskovitz et al., 1996a). De plus, les MsrB ont une activité
trés faible envers la R-MetSO dans des extraits d’E. coli et la forme libre R-MetSO
est un mauvais substrat in vitro pour cette enzyme, suggérant I'existence d’enzymes
spécifigues pour cette réduction (Grimaud et al., 2001). L'utilisation de double
mutants MsrA” et MsrB™ d’E. coli a permis récemment de purifier partiellement une
fRMsr et de mettre en évidence une activité de réduction de I'isomere R-MetSO libre
(Etienne et al.,, 2003). De plus, l'utilisation de ce mutant a aussi permis de
caractériser au niveau membranaire une activité de réduction de la R ou S-MetSO
libre ou intégrée dans des protéines (Spector et al., 2003). Les séquences codant
pour ces enzymes doivent étre divergentes par rapport aux séquences existantes car
le séquencage complet du génome d’E. coli n'’a mis en évidence qu’une seule
isoforme de MsrA et de MsrB (Kryukov et al., 2002).

3.4 Expression et fonctions des méthionine sulfoxyde réductases

D’un point de vue fonctionnel, la caractéristique premiére des MsrA et MsrB

est leur diastéréosélectivité envers les isomeres R et S de la L-MetSO, l'isomére L
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étant la forme unique de la MetSO in vivo. En effet, les MsrA ne réduisent que les
isomeres de type S et les MsrB les isoméres de type R (Sharov et al.,, 1999 ;
Moskovitz et al., 2002).

L’'oxydation de la Met en MetSO est un phénomene connu pour étre impliqué
dans plusieurs pathologies telles que la maladie d’Alzheimer (Gabbita et al., 1999)
et pour exercer des effets régulateurs sur les protéines, modifiant leurs propriétés
biologiques (pour revue voir Brot & Weissbach, 2000).

D’'une part, ce phénomeéene peut conduire a une inhibition de lactivité de
certaines protéines. C'est le cas par exemple de linhibiteur o-protéinase, dont
I'oxydation de résidus Met diminue l'affinité pour ses protéases cibles (Vogt et al.,
1995). De méme, l'oxydation de certaines Met de la calmoduline induit des
changements dans la structure tertiaire de la protéine qui entraineraient une
diminution de sa capacité & activer la Ca?>*ATPase de la membrane plasmique (Yao
etal., 1996 ; Sun et al., 1999).

D’autre part, l'oxydation de Met peut étre une forme d’activation, c’est
notamment le cas pour le composant C5 du complément. Ce composé est le point de
départ de la formation du complexe d’attaque membranaire qui aboutira a la lyse de
corps étrangers. L'oxydation de certaines Met par des radicaux hydroxyles active ce
composant C5 (Vogt et al., 1995). De plus, I'oxydation d’'une Met en MetSO régule
I'inactivation d’'un canal potassique voltage dépendant (Ciorba et al., 1997 ; Ciorba et
al., 1999).

Par ailleurs, I'oxydation et la réduction cyclique des résidus Met exposés a la
surface des protéines serviraient de premiere ligne de défense anti-oxydante contre
des dommages liés aux ROS et aux RNS (Moskovitz et al., 1999 ; Levine et al.,
2000 ; St John et al., 2001 ; Stadtman et al., 2002). Ainsi, I'oxydation de plusieurs
résidus Met n’altére pas par exemple l‘activité de la glutamine synthétase (Levine et
al., 1999). De plus, I'étude de mutants MsrA” d’E. coli, d’Erwinia chrysanthemi et de
levure a montré que ceux-ci étaient plus sensibles au stress oxydatif que les souches
sauvages et par conséquent que les MsrA joueraient un rdle dans la résistance au
stress oxydatif (Moskovitz et al., 1995 ; Moskovitz et al., 1997 ; Moskovitz et al.,
1998 ; Hassouni et al., 1999). En luttant contre ce stress, les MsrA participeraient a
laugmentation de la durée de vie des organismes (Moskovitz et al.,, 2001 ;
Petropoulos et al., 2001 ; Ruan et al., 2002).
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Les MsrA pourraient également étre impliquées dans I'adhérence de certaines
bactéries et donc dans leur pathogénicité. En effet, I'étude de mutants MsrA™ de
Streptococcus pneumoniae ou de Mycoplasma genitalium a démontré que ceux-ci se
liaient moins facilement respectivement aux cellules épithéliales des poumons et des
vaisseaux ou aux eérythrocytes (Wizemann et al., 1996 ; Dhandayuthapani et al.,
2001).

De plus, cette enzyme joue un r6le dans la virulence de certaines especes
pathogenes. Ainsi, la mutation du géne msrA du pathogene E. chrysanthemi fait
perdre a la bactérie sa capacité a envabhir la plante. Les auteurs supposent qu’un ou
plusieurs résidus Met du facteur de virulence pourraient étre oxydés. En absence de
MsrA, il ne pourrait pas étre réduit et cela limiterait la croissance de la bactérie dans
la plante (Hassouni et al.,, 1999). Un autre exemple est la protéine PILB de N.
gonorrhoeae qui serait impliquée dans la virulence de cette bactérie (Taha et al.,
1991). Récemment, des études ont montré que cette protéine n'intervenait pas dans
I'expression des pili, mais qu’elle serait impliquée dans la lutte contre les ROS grace
a sa localisation sur la membrane externe (Skaar et al., 2002). Par contre, chez
Actinobacillus actinomycetemcomitans, la délétion du gene msrA ne provoque pas
de modification de I'adhérence des bactéries sur les cellules épithéliales (Mintz et al.,
2002). Les auteurs suggérent qu’un autre systeme redondant pourrait compenser la
perte de ce gene.

Enfin, I'expression du gene msrA d’Enterococcus faecalis est induite en réponse
a un stress chimique ou dd aux métaux lourds (Laplace et al., 2000 ; Tamburro et al.,
2001). Chez les mammiféres, les msrA sont exprimées dans tous les tissus analysés
méme si I'expression est plus importante dans certains tissus (Moskovitz et al.,
1996b ; Kuschel et al., 1999).

3.5 Les protéines de fusion

Enfin, outre la fusion existant chez G. gracilis entre 2 modules Grx et un
module MsrA, il existe un certain nombre de séquences constituées par des fusions
entre des modules MsrA et MsrB. Ainsi, la protéine PILB de N. meningitidis ou N.
gonorrhoeae constitue une fusion entre un module MsrA suivi d’'un autre module
MsrB et présente en plus une extension N-terminale de fonction inconnue et dont la

délétion ne modifie pas I'activité méthionine sulfoxyde réductase de la protéine (Olry
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et al., 2002). Il existe également des séquences ordonnées inversement, avec un

module MsrB en amont d’'un module MsrA (Kryukov et al., 2002).

3.6 Les méthionine sulfoxyde réductases végétales

Au cours de ces derniéres années, la mise en évidence et la caractérisation
de différentes Msr ont progressé chez de nombreux organismes, bactéries et
mammiféres notamment. Par contre, chez les veégétaux, seules quelques
informations physiologiques ont été obtenues pour des MsrA d’A. thaliana. Le
séquencage complet du génome d’A. thaliana révele I'existence d’au moins 4
isoformes de MsrA et 8 de MsrB (Figures 17 et 18, Tableau VI).

Numéros Longueur Localisation  Cystéines
d’accession conservees
MsrA
pMsrA At4925130 258 chloroplastiqgue  C100C250C256
cMsrA | At5g61640 202 cytosolique C44 C194C200
cMsrA 1l At5g07470 202 cytosolique Ca4 C194C200
cMsrA Il At5907460 218 ? C60C210C216
MsrB
MsrB | At4g04810 139 cytosolique Ce9C122
MsrB I At4g04830 139 cytosolique Ce9C122
MsrB 1l At4g21850 143 cytosolique C76C129
MsrB IV At4g21840 143 cytosolique C75C128
MsrB V At4921830 144 cytosolique C76C129
MsrB VI At4g04840 153 cytosolique Cg5C13s
MsrB VII At1g53670 153 cytosolique Cis7
MsrB VI At4g04800 176 voies de secrétion C103Ci61

Tableau VI : Les différentes MsrA et MsrB d’A. thaliana.

Les localisations ne sont que des prédictions faites grace aux programmes de
prédiction (voir Tableau I). Les cystéines conservées présentées sont supposées
faire partie du mécanisme catalytigue par analogie aux mécanismes connus des

MsrA ou des MsrB. pMsrA : MsrA plastidiale, cMsrA : MsrA cytosolique.
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chMsr Al R i i
chMsr Al R i i
cMerAlll T T VDSSLKTQEPQVVETSP 17
pMsr A 1 MVLVVSPPLI AAASL SKPLNSL SKAAL SFSRAKPI CPFPQTSRRPI SVYKSP 53
cNsr Al MNI L- NKLE GSSRQTNMVDPS- - Pl AQVI DDEAPAPGNQFTQFGAGCFWSVEL 50
chsr Al | MNI L- NRLGLGSSGQTNVDPS- - PI AQGNDDDTPAPGNQFAQFGAGCFWGVEL 50
chsrAlll - SPVAQEPPQ VADKPAI VPS- - PI AQEPDNDVPAPGNEFAEFAAGCFWGVEL 66
pMsr A MNNL FNRL GFGSRPQAQADPSSAAI AQGPDDDVPSSGQFAQFGAGCFWGVEL 106
* % * k% * * * * * *k*kk*k **k*k
chNsr Al AYQRVPGVTQTEVGYSQE THDPSYKDVCSGTTNHAEI VRVQYDPKECSYQSL 103
cMer Al AFQRVPGVTQTEAGYTQGTVDNPSYGDVCSGT TGHSEVVRVQYDLNDCT YESL 103
cMerAlll AFQRI PGVTVTEVGYTHA SHNPSYEDVCTNT TNHAEVVRVQYDPKECTYETL 119
pMsr A AYQRVPGVTKTEVGYSHA VHNPSYEDVCTGT TGHNEVVRVQYDPKECSFESL 159
* *%k **kk* **x *% * *k* * k% *k *k *k *kkkkk*k * * %
cMer Al L DLFWSKHDPTTLNRQGNDVGTQYRSA  YFYNPEQEKL ARESL ERHQQQVDRK 156
cMer Al | LDLFWSRHDPTTLNRQGNDVGTQYRSA YFYTPEQEKL ARESL ERHQQQVERK 156
cMerAlll LDLFWSRHNPTTLNRQGELLGAQYRSA YFYTPEQEKLARESL EKEQKKLEDK 172
pMsr A LDVFWARHDPT TLNRQGGEDVGTQYRSA YYYTDEQERI AREAVEKQKI LNKR 212
* % * % * * %k k% %k k% k% k% % * * %k %k k% k% k% % * * % % * % % * *
cMer Al WTEI LPAKKFYRAEEHHQQYL SKGGRFGLKQSTEKGCNDPI RCYG 202
chsr Al | | MTElI LPAKKFYRAEEHHQQYL SKGGRFGQGQSTAKGCNDPI RCYG 202
chsrAlll | VTElI LPAKKFYKAEEYHQQYLVKGAVHGANAQSPAKSCKDPI RCYG 218
pMsr A | VTElI LPATKFYRAENYHQQYL AKGGRMGEL RQSAEKGCKDPI RCYG 258

*kkxkk* *k*x k% *kkxk *k*k * * % * * kkxkkkx

Figure 17 : Comparaison de séquences des MsrA d’A. thaliana.
Les cystéines en fond gris sont les cystéines catalytiques présumées d’apres le
mécanisme catalytique d’E. coli. Les astérisques représentent les acides aminés

strictement conservés.
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MsrB | R R MADLVTWVKKTE- - - - 12
MsrB I R R L MAASPLWXKTE- - - - 12
MBrB Il 1 ----emmmmmm e oo MPTSATAVAPSTGSVKKD- - - - 19
MBrBIV 1 ----mmmmmmmm e MAMI AAAVPSSGSFQKQD- - - - 18
MsrB V 1 ---crmmmmrme e e - MAAMTI AAAVPAT GSFQKQD- - - - 19
MsrB VI R R MNTSPKMEVEMKMETKAAPEAGM KKSN- - - - 28
MrB VIl 1 @ ----mmmmmmm e MGSSSSSPKPDNVQEAEKNEF 21
MsrB VITI 1 WMNIVNSKILFLSFTLLLLLQSSI VESDSI CLSSGVASTVAVAAPGSVKGD- - - - 51
MsrB | - - - - E- EMRAVLSPEQFRI LRQKGTETPGTEEYDKFFEEG FSClI GCKTPLYKST 62
MsrB I - - - - E- ENRAVLSPEQFRI LROKGTEKPGTGEYDKFFEEG FDCVGCKTPLYKST 62
MsrB |11 - - - - O DWRAI LSPEQFRVLREKGTENRGKGEYTKLFDDG YSCAGCATPLYKST 69
MsrB IV - - - - E- EMRAVL SPEQFRVL RLKGTDKRGKGEFTKKFEEGT YSCAGCGTALYKST 68
MsrB V - - - - E- EMRAVL SPEQFRVL RLKGTDKRGKGEFTKKFEEGT YSCAGCGTALYKST 69
MsrB VI - - - - E- EMRTVLSPEQFKI LREKSI EKRGSGEYVKLFEEG YCCVGCGNPVYKST 78
MsrB VI | ASLSENEVKKRLTPEQYY! TROKGTERAFTGEYWNSKTPGVYNCVCCDTPLFDSS 76
MsrB VI I - - - - E- EVRAI LSPEQFRI LROKGTEYPGT GEYVNFDKEGVYGCVGCNAPLYKST 101
* * k%% * % * * * * *
MsrB | TKFDAGCGWPAFFEGLPGAI NRAPDPD- - - GRRTEI TCAVCDGHLGHVHKGEGYS 114
MsrB I TKFDSGCGAPAFFEGLPGAI NRTPDPD- - - GRRTEI TCAACDGHLGHVFKGEGYG 114
MsrB 111 TKFDSGCGAPSFFDAI PGAI KQTPEAG- - - GRRVEI TCAACDGHLGHVWKGEGFP 121
MsrB IV TKFDSGCGWPAFFDAI PGAI KQTPEAG- - - GRRMVEI TCAVCDGHLGHVFKGEGYS 120
MsrB V TKFDSGCGAPAFFDAI PGAI KQTPEAG- - - GRRVEI TCAVCDGHLGHVFKGEGYS 121
MsrB VI TKFDSGCGAPAFFDAI PGAI NRTEERA- - - G_LRYEI TCTKCDGHLGHVLKNEGFP 130
MsrB VI | TKFDSGTGAPSYYQPI GNNVKTKLDLSI | FMPRQEVWWCAVCNAHLGHVFD- DG P 129
MsrB VI I TKFNAGCGAWPAFFEG PGAI TRTTDPD- - - GRRI EI NCATCGGHLGHVFKGEGFA 153
* %k % * k%% * % * * *kk k% *
MsrB | TPTDERLCVNSVSI NFNPAKPSSI T 139
MerB I NPTDERHCVNSVSI SFNPAKSSSI | 139
MsrB I11 TATDERHCVNSVSLKFSEI SSQ- - - 143
MsrB IV TPTDORHCVNSVSLKFASADSSK- - 143
MsrB V TPTDOQRHCVNSVSLKFSSAGSSQ- - 144
MsrB VI TPTDERHCVNSVALKFSSAI TSQ- - 153
MsrB VI | RPTCGKRYCLNSAALKLNAL EKTRD- 153
MsrB VI I TPTDERHCVNSVSLKFTPAASSL - - 176
** * * %% *

Figure 18 : Comparaison de séquences des MsrB d’A. thaliana.

Les cystéines en fond gris sont les cystéines catalytiques présumées et de
fixation du zinc d’aprés le mécanisme catalytique de la protéine PILB de N.
meningitidis. Les astérisques représentent les acides aminés strictement

conservés.
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Aucune MsrB végétale n'a pour l'instant été caractérisée. Parmi les 8 séquences de
MsrB d’A. thaliana, toutes possedent les motifs CxxC capables de fixer un atome de
zinc. MsrB Il présente une extension N-terminale qui pourrait permettre la sécrétion
de la protéine. Enfin, la MsrB VII possede la cystéine catalytique mais pas la
deuxieme cystéine conservée.

Concernant les MsrA, deux isoformes sur les 4 existant, une plastidiale et une
cytosolique ont été étudiées. Ces deux protéines, exprimées chez E. coli et purifiées,
présentent une activité de réduction des MetSO mais en présence d’un réducteur
artificiel, le DTT (Sadanandom et al., 1996 ; Sadanandom et al.,, 2000). La MsrA
chloroplastique posséde une masse moléculaire de 28 kDa et un pH optimum de 8.0,
en accord avec sa localisation stromatique. La MsrA cytosolique a pour sa part une
masse moléculaire de 27 kDa et un pH optimum compris entre 7.0 et 7.2. Ces
travaux démontrent également une forte expression de la forme cytosolique dans les
racines et les graines et son implication dans la défense contre les pathogenes
(Sadanandom et al., 2000). La forme chloroplastique est fortement régulée par la
lumiére dans les tissus photosynthétiques et semble protéger I'activité chaperone
d’'une protéine heat shock (hsp21) en réduisant des MetSO en Met (Sadanandom et
al., 2000 ; Gustavsson et al., 2002).

Enfin, une étude récente a montré I'existence de sélénoprotéines chez I'algue
verte Chlamydomonas reinhardtii, alors que ce type de protéines n’était présent que
chez les archébactéries, les virus et les mammiféres (Novoselov et al., 2002). Parmi
les 10 protéines identifiées se trouvent des protéines connues chez les animaux
comme étant des sélénoenzymes, telles qu'une TR ou des PHGpx et de maniéere
plus surprenante une MsrA. En effet, certaines MsrB sont connues pour posséder un
résidu sélénocystéine mais pas les MsrA. Cette enzyme est longue de 159 acides
aminés, possede une sélénocystéine en position conservée a la place de la cystéine
catalytique (C51 pour I'enzyme d’E. coli). Par contre, elle ne possede aucune des
deux autres cystéines essentielles situées dans la partie C-terminale (C196 et C202

pour I'enzyme d’E. coli).
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4. Mon travail de thése

Le travail expérimental présenté dans cette thése sous la forme d’articles de
recherche a pour objet la caractérisation, tant biochimique que structurale, des
protéines impliquées dans le maintien de 'homéostasie rédox intracellulaire chez les
végétaux que sont les Trx et les Grx en utilisant comme modeéle d'étude le peuplier
(Populus x interamericana Brockh.) clone ‘Beaupré’. Ces travaux ont fait I'objet de 6
articles. Les 2 articles portant sur les Trx ont permis de caractériser deux isoformes
de Trx, l'une cytosolique (ldentification and characterization of a third
thioredoxin h in poplar) et 'autre mitochondriale (Isolation and characterization
of an extended thioredoxin h from poplar). Les 4 autres articles décrivent la
caractérisation des propriétés rédox d'une isoforme de Grx de peuplier et les
résultats préliminaires de la structure cristallographique de cette Grx en complexe
avec le GSH et s'intitulent (i) Enhancement of poplar glutaredoxin expression by
optimization of the cDNA sequence, (ii) Exploring the active site of plant
glutaredoxin by site-directed mutagenesis, (iii) Characterization of the redox
properties of poplar glutaredoxin et (iv) Crystallization and preliminary X ray
data of poplar glutaredoxin.

De plus, une attention particuliere a été portée sur deux types d’enzymes
cibles des Trx ou des Grx du fait de leur implication potentielle dans la réponse aux
stress chez les plantes, les Prx et les MsrA.

Deux isoformes de Prx, une Prx de type IIC et une Prx Q, ont ainsi été
caractérisées en terme d’expression et de localisation dans les différents organes de
la plante. Leurs propriétés catalytiques, leurs spécificités de substrats et leurs
capacités a accepter des électrons de divers donneurs ont également été examinées
notamment par des expériences de mutagenése dirigée et par détermination de leur
structure. Le travail sur la Prx de type Il a fait I'objet de 3 articles intitulés : (i)
Isolation and characterization of a new peroxiredoxin from poplar sieve tubes
that uses either glutaredoxin or thioredoxin as a proton donor, (ii)
Glutaredoxin-dependent peroxiredoxin from poplar: protein-protein interaction
and catalytic mechanism, (iii) Crystallisation and preliminary X-ray data of a
bifunctional peroxiredoxin from poplar et d’un quatrieme en cours de révision (iv)
Active site mutagenesis and phospholipid hydroperoxide reductase activity of

poplar type Il peroxiredoxin. Le travail sur la Prx Q est présenté dans un article en
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préparation : Molecular characterization of chloroplastic poplar peroxiredoxin Q
and its involvement in the pathogenic response.

Deux isoformes de MsrA, plastidiale et cytosolique, ont également été
étudiées d’'un point de vue fonctionnel et structural. Cette étude est présentée sous
la forme d’un article en préparation intitulé : Functional and structural aspects of

poplar cytosolic and plastidial type A methionine sulfoxide reductases.
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Les deux systemes réducteurs enzymatiques principaux dans une cellule sont
les sytemes Trx et Grx. Chez les plantes, il semble que ces systemes soient
représentés par un grand nombre d’isoformes dans les différents compartiments
cellulaires.

Le systeme Trx chloroplastique est le mieux connu, mais de nouvelles
séquences de Trx chloroplastiques, dont on ne connait pas la fonction précise,
émergent (Meyer et al.,, 2002). Par ailleurs, les enzymes composant le systéeme
mitochondrial viennent seulement d’étre caractérisées chez A. thaliana (Laloi et al.,
2002). Au niveau cytosolique, au moins 8 isoformes de Trx h coexistent chez A.
thaliana (Meyer et al., 2002).

Au début de mon travail de these, trés peu de données étaient disponibles sur
les Grx végétales alors que leurs homologues bactériens et animaux eétaient
beaucoup mieux caractérisés. Pourtant, le séquencage du génome d’A. thaliana
démontre I'existence potentielle de multiples isoformes dans le cytosol, les
chloroplastes et les mitochondries (voir tableau | de l'introduction).

Avant mon arrivée dans le laboratoire, une isoforme cytosolique de Trx de
peuplier appelée popTrx hl a été caractérisée (Behm & Jacquot, 2000). Cette
protéine est en réalité 'hnomologue d’'un point de vue séquence primaire du site actif
(WCPPC) des Trx h3, h4 ou h5 d’A. thaliana. Deux autres isoformes présumées
cytosoliques ont ensuite été isolées et caractérisées et font I'objet des articles 5 et 6.

Par ailleurs, une isoforme de Grx bicystéinigue, homologue a la séquence
CxxC4 d'A. thaliana (voir Tableau | et Figure 9 de I'introduction) a également été au
centre de mon travail de recherche. La caractérisation structurale et fonctionnelle de

cette enzyme est reportée dans les articles 7 a 10.
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Article numéro 5 :

Gelhaye E, Rouhier N, Laurent P, Sautiere PE, Martin F, Jacquot JP. (2002)
Isolation and characterization of an extended thioredoxin h from poplar.
Physiol. Plant. 114(2):165-171.

Cet article présente l'isolement et la caractérisation d'une deuxieme Trx de
peuplier (popTrx h2) de 143 acides aminés. Par rapport a la premiere protéine isolée,
cette deuxiéme variante présente une extension du c6té N-terminal et la protéine
recombinante est naturellement clivée dans E. coli. Son site actif (WCGPC) differe de
celui de popTrx hl (WCPPC). Les caractéristiques physico-chimiques et catalytiques
de la protéine recombinante ont été comparées a celles de popTrx hl. De récentes
expériences de fusion avec la GFP démontrent que popTrx h2 est
vraisemblablement une protéine mitochondriale alors qu’on présumait qu’elle était
localisée dans le cytosol. Cette protéine, différente des deux isoformes de Trx
mitochondriales d’A. thaliana appelées AtTrx ol et 02, ne possede que 25%
d’identité avec ces Trx 0. Pour ces raisons, cette isoforme devrait étre appelée
dorénavant popTrx 03 plutdt que popTrx h2 si les isoformes équivalentes a AtTrx ol

et 02 existent chez le peuplier.
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A c¢DNA coding for a thioredoxin & has been isolated from
a xylem/phloem poplar cDNA library by RACE-PCR. The
nucleotide sequence called popTrx-/42 is homologous to other
thioredoxins 4 isolated from plants but differs from the other
thioredoxins 4 by presenting a 30 amino acid long N-ter-
minus extension. A variant of this cDNA lacking the N-ter-
minal extension was also generated by PCR. Both ¢cDNAs
have been introduced into an expression plasmid (pET-3d)
and the recombinant proteins have been expressed to a high
level and purified from Escherichia coli cells. Protein se-
quencing showed that a part of the N-terminal extension
was cleaved in the E, coli cells, with the first 19 amino acids

missing, suggesting the presence of a putative cleavage site
in the N-terminal extension of popTrx-42. Both recombinant
proteins display unusual catalytic properties compared to
other thioredoxins 4 characterized so far, i.e. a weak reduc-
tion by Arabidopsis thaliana NADPH-dependent thioredoxin
reductase, and a weak activation of the chloroplastic
NADP-malate dehydrogenase, a non-physiological target en-
zyme. Northern blot experiments indicate that the tran-
scripts of popTrx-A2 are present in leaves and roots, albeit
at a lower level compared to the earlier characterized
popTrx-Al.

Introduction

In plants, thioredoxins are a multigenic family of redox
proteins containing a disulphide bridge involved in sev-
eral metabolic functions inside and outside the cells (For
a review, see Schiirmann and Jacquot 2000). Sequence
analyses have revealed three different thioredoxin groups
in the plant cells. The first group contains thioredoxins
similar to the prokaryotic thioredoxins, the prototype of
which is the Escherichia coli thioredoxin, a protein very
well characterized both kinetically and structurally
(Holmgren 1968, Katti et al. 1990, Jeng et al. 1994).
These thioredoxins are nucleus-encoded (Stein et al.
1995) but localized in the chloroplasts and reduced by a
ferredoxin-thioredoxin reductase (FTR). These thiore-
doxins are efficient catalysts in vitro of the reduction/
activation of the chloroplast NADP-malate dehydrogen-
ase (NADP-MDH) and have been accordingly called
thioredoxins m. The second group of nucleus-encoded
chloroplast thioredoxins, also reduced by FTR and

called thioredoxins f, are very specific activators of the
fructose-1,6-bisphosphatase of the Calvin cycle. This
type of thioredoxin has also been described in terms of
reactivity and structure (Hirasawa et al. 1999, Capitani
et al. 2000). Finally, plants contain a third type of thiore-
doxins, the thioredoxins A (for heterotrophic), that are
presumably located in the cytosol, In this cytosolic sys-
tem, the reducing power of NADPH is transferred via a
flavoprotein-the NADPH-thioredoxin reductase (NTR)
(Florencio et al. 1988). A number of thioredoxin 4 se-
quences have since been isolated from both non-photo-
synthetic and photosynthetic tissues, most notably from
Arabidopsis thaliana (Rivera-Madrid et al. 1995). Pri-
mary structure analyses indicate that all A type proteins
are closely related on an evolutionary standpoint (Jac-
quot et al. 1997). The cytosolic thioredoxin displays at
least one specific characteristic that allows its identifi-
cation: the presence of a conserved Trp residue (W13

Abbreviations - DTT, Dithiotreitol; DTNB, 5,5’ dithiobis nitrobenzoic acid; EST, expressed sequence tag; NADP-MDH, NADP-dependent malate

dehydrogenase; NTR, NADPH-thioredoxin reductase; Trx, thioredoxin.
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in Chlamydomonas reinhardtii) that induces peculiar UV
spectral characteristics (Stein et al. 1995, Lemaire et al.
2000). Among the proposed functions for cytosolic
thioredoxins is the modulation of the activity of tran-
scription factors (Huang and Domann 1998), and recep-
tors as the S-locus receptor kinase in plants by redox
regulation in vitro (Bower et al. 1996). More recently,
thioredoxin-dependent antioxidant systems based on the
existence of thioredoxin-dependent peroxidases have
been found in yeast and Arabidopsis thaliana (Jeong
et al. 1999, Lee et al, 1999, Verdoucq et al. 1999). Thus,
cytosolic thioredoxins are likely to be involved in signal-
ling pathways, developmental processes, as well as anti-
oxidant systems.

In the present study, we have extended the character-
ization of the redox equipment of poplar (Behm and Jac-
quot 2000, Rouhier et al. in press), since the nature of
the dithiol/disulphide components in woody plants is
still poorly understood. We present in this paper the
characterization of an extended thioredoxin # of poplar,
which differs from the previously characterized plant
cytosolic thioredoxins.

Materials and methods
Escherichia coli strains and mRNA and ¢DNA libraries

E.coli strain DHSa F' and BL21(DE3) were used
throughout this study. The plasmid for expression was
pET-3d (%¥Studier 1991). The phage cDNA library of
Populus trichocarpa cv. Trichobel was kindly provided
by Drs Wout Boerjan and Hugo Meyermans (University
of Gent, Belgium) and Dr S. Larsson (University of
Ume4). Bacteria were grown at 37°C in Luria-Bertani
medium (LB), supplemented with ampicillin (50 pg
ml~!) when the bacteria carried plasmids conferring re-
sistance to this antibiotic. Poplar leaves mRNA prepara-
tion was performed using RNA Easy Plant MiniKit
(Qiagen, S.A. Courtaboeuf, France).

Primer design and PCR reaction

A primer was constructed based on the expressed se-
quence tag (EST AI164262) corresponding to a putative
5’-end of P. tremulax P. tremuloides thioredoxin A cDNA
identified with the Blast program (http://http://
www.ncbi.nlm.nih.gov). Based on the N-terminal se-
quence MEFAWPVC, an upstream oligonucleotide
(Forl) was synthesized homologous to the coding
strand, including the addition of four extra-nucleotides
and of a Ncol restriction site underlined in the sequence:
CCCCCCATGGAGTTTGCTTGGCCAGTTCTTC.
The full-length ¢cDNA was obtained using the
SMART™ 3'RACE c¢DNA amplification kit (Clontech
Laboratories, Palo Alto, USA) from an mRNA prepara-
tion together with oligonucleotide Forl and subsequent
cloning into a pT-Adv vector using the Advantage PCR
cloning Kit (Clontech). The ligation sample was directly
used to transform E. coli strain DH5a by electropor-
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ation. The recombinant plasmids were isolated and puri-
fied as described in Sambrook et al. (1989). The nucle-
otide sequence of the insert was determined by dideoxy-
nucleotide sequencing. The resulting construction was
named pETpopTrxh-2-A.

Two additional primers were constructed based on the
sequence of the pET-popTrxh-2-A construction. An up-
stream oligonucleotide For2 was synthesized homo-
logous to the coding strand, including an addition of
four extra-nucleotides and of a Ncol restriction site
underlined with the sequence that matches an N-ter-
minus sequence MAGVVDVH: CCCCCCATGGCT-
GGRGTTGTGGATGTCCAT. A downstream oligonu-
cleotide called Rev was derived from the 3'-end of the
non-coding strand, featuring at the 5'-end four ad-
ditional T and a BamH]1 restriction site underlined with
the sequence: TAACTCTTCGTACCCTACTATATTC-
CTAGGTTTT corresponding to the C-terminus se-
quence IEKHGMI. PCR reactions were performed
using For2/Rev and Forl/Rev primer couples and the
cDNA library as template DNA.

Cloning PCR products and DNA sequencing

The PCR products of the right size were purified on
agarose gel, digested with both BamH] and Ncol restric-
tion endonucleases and cloned into the pET3d plasmid
digested with the same restriction endonucleases. The
nucleotide sequences of the inserts were determined by
dideoxynucleotide sequencing. The resulting construc-
tions were named pET-popTrxA-2L for the construction
resulting from the Forl-Rev PCR and pET-popTrx4-2S
for the construction resulting from the For2-Rev PCR.

Production and purification of recombinant thioredoxins h

The purified pET-popTrxs-2S and pET-popTrxh-2L
plasmids were used to transform E.coli BL21(DE3)
strain. One colony was used to inoculate 3 ml LB me-
dium, supplemented with ampicillin (50 pg ml~!). The
culture was successively amplified to a final volume of 3
1 over a period of 24 h and induced with 100 uM IPTG
for 6 h. The cells were then collected by centrifugation
and suspended in 50 m M phosphate buffer (pH7.0). The
cell suspension was disrupted by sonication. The result-
ing sample was fractionated with ammonium sulphate.
The fraction precipitating between 40 and 80% of the
saturation was suspended in a minimal volume of 50
mM phosphate buffer (pH7.0). The purification was
then performed as described previously (Behm and Jac-
quot 2000) using Sephadex G50 gel filtration and
DEAE-Sepharose columns.

Enzyme assays

The reduction of insulin was measured at 650 nm using
the turbidimetric reaction described previously
(Holmgren 1979). The activation of sorghum recombin-
ant NADP-MDH was followed by measuring the activ-
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ity of the enzyme at 340 nm, using a 2-step assay (Jac-
quot et al. 1995). The reduction of thioredoxin by
NADPH and the recombinant A.thaliana NADPH-
thioredoxin reductase was followed at 412 nm, using
DTNB as a substrate (Jacquot et al. 1995).

RNA extraction and Northern Blot experiment

Total RNA was extracted from 100 mg of leaves, stems
and roots from a 2-month-old poplar (Populus trichocar-
pa X deltoides) grown in hydroponic medium, with the
RNeasy Plant Mini Kit from Qiagen with the addition
of polyethyleneglycol 8000 to the extraction buffer at a
concentration of 20 mg ml™!. 10 pg of total RNA were
separated and blotted by capillarity onto a Nylon +
membrane from Amersham Pharmacia Biotech (Uppsa-
la, Sweden). The probe consisting of approximatlely 100
ng of a PCR fragment (popTrx4-2S or popTrxh-1) was
labelled with 3?P dATP following the instructions pro-
vided in the kit Prime a Gene Labelling System (Prome-
ga, Charbonnieres, France). The probe was then purified
with the QIAquick Nucleotides Removal Kit from Qiag-
en, and was estimated to contain 30 millions cpm. Hy-
bridization was performed at 42°C in the presence of
SSPE 20X, SDS 20% and washing at 65°C with a solu-
tion of SSPE 2X and SDS 0.1%.

Results and discussion

Molecular cloning of the cDNA, popTrxh2L, and
comparison of its amino acid sequence with other
thioredoxins

Using the Blast program, we have identified several se-
quences for thioredoxin 4 in the xylem/phloem poplar EST
library  (http:/ihttp:liwww.biochem.th.sel PopulusDB/).
One of these sequences (GenBank access Al164262)
corresponds to the putative 5’-end of a thioredoxin 4
c¢DNA (called in this study popTrx4-2). In order to char-
acterize the full-length gene, total mRNAs have been
purified, the corresponding poplar cDNA synthesized
and 3’ RACE c¢cDNA amplification performed using a
homologous synthetic oligonucleotide deduced from the
EST sequence. A single PCR fragment of about 600 bp
was generated and cloned into the pT-Adv vector. The
insert was sequenced and the obtained sequence was
used to synthesize a reverse oligonucleotide called Rev.
The full-length ¢cDNA has been isolated by PCR using
both homologous synthetic oligonucleotides For I and
Rev described in Materials and methods. Those oligonu-
cleotides contained restriction sites in order to clone di-
rectly the sequence into the expression plasmid pET3d
and produce the recombinant protein, yielding the con-
struct pET-Trxh2L, Furthermore, the stop codon TGA
observed in the EST sequence was changed in TAA
which is used at much higher frequencies in E. coli. A
single PCR fragment of the expected size was generated
and digested with the restriction enzymes Ncol and
BamH]1 and cloned into the expression vector pET3d
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digested with the same enzymes. The sequence of the
reconstituted ¢cDNA is shown Fig,1. Overall the se-
quence contains 741 bp and the 3’ UTR represents 240
bp. The putative encoded protein is 143 amino acids
long (including the initiator methionine) with a molecu-
lar mass of 16358 Da. The deduced amino acid sequence
was compared to sequences deposited in the public data-
bases using the Blastp program provided by the NCBI
E-mail: server (Altschul et al, 1990). It displays extensive
sequence similarities (ranging from about 50-68%) to
other plant thioredoxins / (Fig.2), containing the con-
served N-terminus tryptophane residue (W45), which is
a signature of the thioredoxin 4 sequences (W13 in Chia-
mydomonas reinhardtii) (Stein et al. 1995, Lemaire et al.
2000).

When compared with other thioredoxins 4 of a variety
of organisms, the deduced poplar thioredoxin # amino
acid sequence features a 30 amino acid extension at its
N-terminus. Two putative thioredoxins /4 sequenced
from genomic DNA of Arabidopsis thaliana (Genbank
accession number: AAF07385 and AAD39316) and the
A. thaliana Trxh-gif2 (Rivera-Madrid et al. 1995) share
this feature, although no significant homology is ob-
served between those N-terminus extensions. Two wheat
thioredoxins # have also been shown to possess 15-18
amino acids-long N-terminus extensions corresponding
to a putative transmembrane domain (Gautier et al.
1998). The popTrxh-2 N-terminus sequence clearly dif-
fers from the wheat thioredoxins 4. The use of the
PSORT program or a similar program does not allow
the identification of a signal sequence in the N-terminus
extension, which apparently does not possess the charac-
teristics of transit peptides associated with import or ex-
cretion of proteins in plants. Thus the significance of the
N-terminus extension so far remains unclear.

Production of recombinant thioredoxin h-2L

After expression of the recombinant protein in BL21 cells
as described in Materials and methods, the poplar thiore-
doxin 4-2L was purified to homogeneity by a combination
of heat treatment, ammonium sulphate precipitation (40—
80%), G50 gel filtration and anion exchange on a DEAE
matrix. The final yield of the preparation was approxi-
mately 4 mg proteinl™! culture. The SDS-PAGE revealed
that the recombinant protein was homogeneous (data not
shown). N-terminus protein sequencing showed that a
part of the N-terminus extension was cleaved in the E. coli
cells (cf Fig. 1), the first 19 amino acids were missing, indi-
cating the presence of a putative cleavage site in the N-ter-
minus extension of popTrx/-2. The addition of protease
inhibitors during the purification steps did not change
this property.

Spectroscopic and catalytic properties

The UV spectrum of poplar thioredoxin 4-2L presented
in Fig.3 displays a peculiar characteristic that is found
in all plant thioredoxins 4 characterized so far, namely
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a shoulder at approximately 290 nm. This absorption
spectrum is characteristic of Trp residues and has been
attributed to poplar A-2L residue W45, the equivalent of
W13 in Chlamydomonas reinhardtii (Lemaire et al.
2000).

All the above properties suggest that the isolated re-
combinant protein is indeed a thioredoxin 4. Further-
more, the catalytic properties of the poplar thioredoxin
h-2L were investigated, particularly its ability to reduce
disulphide bridges on selected proteins.

Figure 4A shows an insulin reduction reaction in the
presence of 0.5 mM dithiothreitol and 2.8 pM recombin-
ant thioredoxin 4. The increase in absorbancy at 650 nm
indicates the precipitation of the insulin chains due to
the reduction of the disulphide bonds. The efficiency of
the recombinant poplar thioredoxin 4-2L in this reaction

i

CGA CAG TGC TTT GTT TGG AGT AAA GCA TTC TAG CTA CGT GAG TCA GCT ATG GAG TTT

58/4
ChA

T v g T §
e

116723

was found to be similar to other plant thioredoxins
studied so far (Wetterauer et al. 1992).

Figure 4B shows the reduction of DTNB in the pres-
ence of NTR dependent reduction system. In this test,
the recombinant poplar thioredoxin A-2L is not very ef-
ficient (Km of approximately 12 pM), with a Km of
about 10 fold higher compared to the value measured
with poplar thioredoxin A-1 (K., of approximately 1.5
pM) (Behm and Jacquot 2000). As a consequence poplar
thioredoxin A-2L is also reduced by the NADPH-de-
pendent thioredoxin system from A4. thaliana, but with a
weaker efficiency compared to other thioredoxins .

Figure 4C shows the effect of DTT reduced thioredox-
in A-2L from poplar on the NADP-MDH activity. This
thioredoxin 4 activated very weakly the chloroplastic
protein in presence of DTT, preventing the determi-
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Fig.3. UV spectrum of poplar thioredoxin 4-2 1. The spectrum was
determined by measuring the absorbance point by point in TE buf-
fer at room temperature, The recombinant popTrx A-2Lwas used at
2.8 uM. A similar spectrum was obtained for thioredoxin h-2S (data
not shown)
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Fig.2. Amino acid comparison of
thioredoxins h. The sequences are
from Populus trichocarpa cv.
Trichobel, popTrx 1 (AI161830);
Arabidopsis thaliana, AraTrx 1
(Z214084), AraTrx 2 (Z35475),
AraTrx 3 (Z35474), AraTrx 4
(235473), AraTrx 5 (Z235476),
AraTrx 6 (AAF07385), AraTrx 7
(AAD39316); Triticum aestivum,
AesTrx (X69915); Triticum durum,
DurTrx (AJ001903). Asterisks
indicate conserved amino acids in all
sequences, dots indicate amino

acids with similar biochemical
properties, and dashes represent gaps
introduced to optimise the
alignment.

nation of a significant S0.5. In comparison, the pre-
viously characterized Chlamydomonas reinhardtii and A.
thaliana thioredoxins 4 (Rivera-Madrid et al. 1995, Stein
et al., 1995) as well as poplar thioredoxin -1 (Behm and
Jacquot 2000) are efficient activators of this enzyme in
this artificial system.

Preparation and characterization of the recombinant
popTrx-h2S

Since poplar thioredoxin A-2 presents an N-terminus ex-
tension and unusual catalytic properties, a mutant pop-
lar thioredoxin A-2S was prepared, as described in Ma-
terials and methods, leading to a shorter recombinant
protein (113 AA) without the N-terminus extension,
similar in size to the majority of the thioredoxins 4 char-
acterized so far (Fig.2). The recombinant protein poplar
thioredoxin A-2S was purified to homogeneity from E.
coli cells using the same procedure as for thioredoxin A-
2 1. The UV spectrum of recombinant thioredoxin 4-2S
displays the same bump at 290 nm that observed using
thioredoxin A-2L (cf. Figure3). The same spectrum was
obtained when both recombinant proteins were analysed
using circular dichroism (data not shown) and the ther-
mostability of both proteins was found to be similar
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Fig.4. Catalytic properties of poplar thioredoxin A-2 1. (a) Reduction
of disulphide bridges of human insulin. & 2.8 uM popTrx 4-21, 0.5
mM DTT and insulin; (3 0.5 mM DTT and insulin. (b) DTNB reduc-
tion by the NTR system. Various amounts of oxidised thioredoxins
were incubated in the presence of 77.5 nM NTR, 150 uM NADPH,
100 uM DTNB in buffer 30 mM Tris-HCl (pH 8.0). DTNB reduction
was measured at 412 nm as absorbance change per min. Error bars
indicate the variations in the assays. (¢c) NADP-MDH activation. 27
nM MDH-NADP was activated either by (&) 35 uM popTrx A-2L or
by (O) 9 uM Chlamydomonas reinhardltii thioredoxin A in buffer 50
mM Tris-HCl(pH 8.0) in presence of 5mm DTT. Control (O) was per-
formed without added thioredoxin. At various incubation times, 20
ul was used to measure the NADP-MDH activity in 1 ml reaction
(Stein et al. 1995). Error bars indicate the variations in the assays.
Trx-h2S exhibited similar catalytic properties (data not shown).
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Trx hl

Trx h2

rRNA 28S

Fig.5. Northern blot experimentsTrx h-1: Hybridization with
thioredoxin A-1 probe; Trx A-2: Hybridization with the thioredoxin
h-2 probe: rRNA 28S: Ethidium bromide staining if the 28S rRNA
band. L: leaves, S: stems; R: roots.

(data not shown). In addition, the catalytic properties of
thioredoxin A-2S were investigated. Thioredoxin 4-2S is
also reduced by the NADPH-dependent thioredoxin sys-
tem from A. thaliana but with a weak efficiency (K.,
about 12 uM) as observed with popTrxA-2L. Further-
more, both recombinant proteins exhibited the same
weak activation of the chloroplastic NADP-MDH. All
the above data suggest that the N-terminus extension of
thioredoxin A-2 is probably not the reason for the low
activity of the protein in the conditions used in this
study.

Presence of transcripts in poplar

Poplar thioredoxins /1 and 42 are only 53% identical at
the nucleotide level, and it is thus quite easy to discrimi-
nate between the two sequences by hybridizing at rela-
tively high stringency. A Northern blot experiment
shown in Fig. 5 indicates that the transcripts for Trx h-
2 can be found in leaves and roots but not in stems. The
same samples were probed with a fragment coding for
thioredoxin £1. Although the transcripts for thioredoxin
hl are present in minor amounts in stems, they can be
found in all compartments of the plant, but they are
clearly more abundant in leaves. Qverall, the level of
transcription for thioredoxin /1 seems to be higher than
the one for thioredoxin A-2. The size of the transcripts
for Trxh-1 and TrxA-2 is quite similar at around 800 bp.

Concluding remarks

The characterization of a new thioredoxin /4 sequence in
poplar is a finding of interest for several reasons. First
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it shows that trees such as poplar contain several genes
coding for this protein, similar to the herbaceous plant
Arabidopsis thaliana (Rivera-Madrid et al. 1995). The
two poplar sequences that have been characterized ex-
hibit rather low homologies (53% identity at the nucle-
otide level, but only 38% identity and 60% homology at
the protein level). As a consequence, thioredoxin A-2 is
not, or extremely poorly, recognised by polyclonal anti-
bodies raised against thioredoxin A-1 (data not shown),
a property that will allow us to discriminate the two
polypeptides by immunochemistry. Moreover, the two
proteins have distinct active sites (WCPPC for thiore-
doxin A-1 and WCGPC for thioredoxin A-2). In addition,
poplar thioredoxin A-2L shows an extended N-terminus.
Furthermore, when expressed in E.coli cells, the full-
length recombinant protein is processed. It has been
shown previously that the E.coli machinery is able to
mature polypeptides in a manner analogous to higher
plants (Jacquot et al, 1991). The recombinant protein
displays unusual catalytic properties compared to other
plant thioredoxins 4. A similar specificity was observed
with the truncated mutant protein. These data suggest
that the N-terminus extension of thioredoxin A-2L corre-
spond, at least in part, to a signal peptide that could be
recognised by the E. coli system. However, since a motif
similar to other transit peptides was not detected in the
Trxh-2L, the significance of the extension sequence re-
mains unclear.

We have recently isolated a sequence coding for full-
length TrxA-2 in a poplar EST library obtained from
root material (unpublished) which suggests a wide distri-
bution of this protein in poplar. The results of the
Northern blot experiment also indicate that this gene is
transcribed both in leaves and roots. This observation
coupled to its unusual catalytic properties suggests that
Trxh-2 could be involved in vivo in important and speci-
fic reactions. To understand the function of this newly
described thioredoxin, studies of subcellular and tissue
localization of this protein, as well as research on its
mode of reduction will be carried out.
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Afin de compléter les informations sur les thiorédoxines extra-chloroplastisques
du peuplier, une troisieme isoforme de Trx h nommée popTrx h3 a été clonée et
surproduite dans E. coli. Cette isoforme differe notablement de popTrx h2 (40%
d’identité) mais elle est relativement proche de popTrx hl au niveau de sa séquence
primaire (63% d’identité). Néanmoins, son site actif (WCGPC) est différent de celui de
popTrx hl (WCPPC). Par rapport aux séquences d'A. thaliana, elle semble étre
I'isoforme équivalente de AtTrx hl. Des mutants de popTrx hl et popTrx h3 ont été
géneérés au niveau du site actif de maniére a transformer I'un en l'autre. PopTrx h3 est
réduite efficacement par la NTR d'A. thaliana, et c’est un meilleur donneur que popTrx
h1l pour la Prx de type Il de peuplier. En revanche, popTrx h3 est un donneur moins
efficace que popTrx hl pour la RNR d’E. coli. Ces résultats indiquent donc une certaine
spécificité entre les diverses classes de Trx en dépit des homologies quelquefois
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Abstract

Three full-length sequences encoding thioredoxin h have been isolated in a leaf/root
sequence tag (EST) library. One of these, popCXXS1 exhibits the nontypical active site
named popTrxh4 is related to atTrxh9 which forms with several other plant thioredoxin
named popTrxh3, displays 66% identity and also a high degree of homology (81%).vs. the previously described popTrxh1. Nevertheless the

importance of the active site residues in the thioredoxin A catalytic
properties of thioredoxins A.

®© 2003 Editions scientifiques et médicales Elsevier SAS. All rig

Keywords: Populus; Redox regulation; Recombinant; Thiored:

lus trichocarpa cv. Trichobel expressed
mologous to atCXXS1. The second one,
tinct subgroup of thioredoxins A. The third one,

t of the canonical WCGPC found in popTrxh3. The

1. Introduction

I - weight (ca. 12
kDa) and generally extremely thermos ble proteins. They
reduce disulfide bonds through“thei ox active site with
the conserved sequence WC[G/PJPC. Plants possess two
well-described thioredoxin:systems: a cytoplasmic system
including several thio s h and a NADPH-dependent
thioredoxin reductase a specific chloroplastic system
characterized by'a fe in-dependent thioredoxin reduc-
tase. Furthermore, o thioredoxins and a NADPH-
dependent thioredoxin reductase have been described re-
cently as a functional plant mitochondrial thioredoxin system
[11].

Plant thioredoxins are small mol

Abbreviations: CDP, cytidine diphosphate; DEAE, diethyl amino ethyl;
DTNB, 5,5' dithiobis nitrobenzoic acid; EST, expressed sequence tag; Grx,
glutaredoxin; NTR, NADPH thioredoxin reductase; Prx, peroxiredoxin;
WT, wild type.
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In plants, each thioredoxin type and especially the cytoso-
lic one, is represented by a small multigenic family. Nine
thioredoxins # have been detected in Arabidopsis thaliana,
three of which having the unusual active site sequence
WCPPC [13,14]. In poplar, five thioredoxins 4 have also
been detected ([1,5], unpublished data), the first one named
popTrxhl exhibiting the unusual active site WCPPC [1]. It
has been demonstrated that the redox activity of the active
center depends on amino acid residues situated between the
two cysteines [3]. Among the proposed functions for cytoso-
lic thioredoxins is the reduction of non-heme peroxidases
called peroxiredoxins (Prx), which catalyze the reduction of
various peroxides [15,20].

Thioredoxins have a particularly stable three-dimensional
structure, which is conserved among all thioredoxin struc-
tures from prokaryotes to eukaryotic algae, higher plants, and
mammals [4]. Nevertheless, yeast complementation experi-
ments have demonstrated that A. thaliana thioredoxins are
active only on some of the yeast thioredoxin targets [2], this
specificity being probably related to the nature of the resi-
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dues on the protein surface. It was proposed that plant thiore-
doxins # have a common origin from a totipotent ancestor
and that after gene duplications, mutations appeared masking
some determinants necessary for the interaction with particu-
lar targets and resulting in a specialization of the plant thiore-
doxins A& [2].

In this context, we have extended the characterization of
the redox equipment of poplar [1,5,15,17]. We present in this
paper three new nucleotidic sequences of putative thioredox-
ins & and the characterization of one of these called pop-
Trxh3. Furthermore, we have compared its biochemical
properties to the previously described popTrxh1 [1] focusing
on the difference observed between popTrxh1 and popTrxh3
in the sequences of the active sites (WCGPC vs. WCPPC).

2. Methods
2.1. Escherichia coli strains, cDNA library and plasmids

E. coli strains DH5a F' and BL21(DE3) were grown in LB
medium at 37 °C supplemented with ampicillin (50 pug mI'").
The poplar thioredoxin h3 ¢DNA was isolated from a
xylem/phloem c¢DNA library of Populus trichocarpa cv.
Trichobel provided by Dr. W. Boerjan and Dr. H. Meyermans
(University of Ghent, Belgium) and was cloned into the
expression vector pET-3d.

2.2. PCR cloning

Two oligonucleotides primers were constructed ba E'
the EST (unpubllshcd results) corresponding to Q}l ative

otide was synthe51zcd homologous
including an addition of six C an

I derived from the 5'-end
at the 5'-end four addi-
ite (underlined) with the
sequence: 5' CCCC( TCAAGCAGAAGCAGTAGC
3'. After PCR reaction performed, the amplified fragment has
been purified, digested with the appropriate enzymes and
cloned into the pET-3d expression plasmid as described pre-
viously [16] in order to obtain the construction named pET-
popTrxh3.

of the non-coding stran
tional C and a BamH:

2.3. Mutagenesis

Mutagenesis of the cloned cDNAs was effected by PCR. A
strategy similar to the one in [17] was employed to generate
two overlapping mutated fragments and in a second PCR
reaction the full-length mutated sequence. The popTrxh
1P40G was obtained from pET-popTrxhl [1] using the fol-
lowing cloning oligonucleotides: direct 5" GGGGCCATG-
GCCGAAGAAGGACAAGT 35 and reverse 5

GGGGGGATCCTTATGCAGTTGCGTGCTTTG 3. Mu-
tagenic oligonucleotides were as follows: direct 5’ ACTGCT-
TCATGGTGTGGACCATGTAAAATGATT 3'; and reverse
5" AATCATTTTACATGGTCCACACCATGAAGCAGT 3'.
The popTrxh3 mutant was obtained using the cloning oligo-
nucleotides described in Section 2.2 and the mutagenic oli-
gonucleotides were as follows: G41P direct 5' GCTGCT-
TCATGGTGTCCTCCGTGCCGTGTCATT 3%  G41P
reverse 5 AATGACACGGCACGGAGGACACCATGA-
AGCAGC 3.

The mutated PCR products that contained the restriction
sites were cloned into the expression plasmid pET-3d, yield-
ing the construction pET popTrxh1 G40P, and pET popTrxh3
G41P. The sequences of the recombinant plasmids were
verified by DNA sequencing.

2.4. Expression and puri] he recombinant

proteins

All procedure:
thaliana NADPF

pression and purification of A.
ductase, poplar Trxh1 and poplar Prx
where [1,9,15]. For the expression of
, and popTrxh3 WT, the recombinant plas-
d to transform E. coli BL21(DE3) strain. One
ed to inoculate 3 ml LB medium, supple-
ampicillin. The culture was successively ampli-
final volume of 3 1 over a period of 24 h and induced
ith 100 uM IPTG for 6 h. The cells were then collected by
centrifugation and suspended in TE buffer (30 mM Tris-HCl,
1 mM EDTA, pH 8). The cell suspension was disrupted by
sonication. The resulting sample was fractionated with am-
monium sulfate. The fraction precipitating between 40% and
80% of the saturation was suspended in a minimal volume of
TE buffer. The purification was then performed as described
previously [1] using Sephadex G50 gel filtration and DEAE-
Sepharose columns.

The last purification step was performed by size exclusion
chromatography. A volume of 100 ul protein (5.5 mg ml™)
obtained as described above was loaded on a Superose 12HR
column connected to a fast protein liquid chromatography
(FPLC) system. The column was equilibrated with 30 mM
Tris-HCI (pH 8) buffer containing 0,15 M NaCl and the
proteins were eluted in the same buffer at a flow rate of 0.25
ml min~,

2.5. Enzymatic activities

The reduction of H,0, by poplar Prx in the presence of
different popTrxh was followed spectrophotometrically us-
ing a Cary 50 spectrophotometer as described previously
[15]. The reduction of thioredoxin by NADPH and the re-
combinant A. thaliana NADPH-thioredoxin reductase was
followed at 412 nm using DTNB as a substrate [10]. Reduc-
tion of cytidine diphosphate (CDP) by E. coli RR1a was
performed essentially as described in [6]. Reducing power
was provided by 2 mM DTT. All assays were performed in a
total volume of 120 ul. The catalytic effect of the thioredox-
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Fig. 1. Amino acid comparison of poplar thioredoxins k. The sequence are from P. trichocarpa cv. Trichobel (pop), popTrxhl (AF483265), popTrxh2
(AF483266), A. thaliana (at), atTrxhl (CAA78462), atTrxh2 (Z35474), atTrxh3 (CAA84611), atTrxh4 (CAA84613), atTrxhS (CAA84610), atTrxh7
(NM104666), atTrxh8 (NM105656), atCXXS1 (AF144390), atCXXS2 (ATU35639). Conserved amino acids in all the sequences are white, amino acids with
similar biochemical properties are bold, and dashes represent gaps introduced to optimize the alignment.

ins is presented as total CDPs reduced in 20 min at 37 °C.
Values represent the means of two independent measure-
ments and error bars + 1S.E.

2.6. Formation of heterodimers

The formation of heterodimer between Prx and Trx has
been described previously [14]. Briefly, 1.25 pg of Prx and
popTrxh3 previously reduced (1 mM DTT) were mixed in
the presence of TE buffer (30 mM Tris-HC1, 1 mM EDTA,
pH 8) to a final of 10 ul. This reaction mixture was incubated
at room temperature for 2-3 min before the addition of 10
mM diamide. The mixture was incubated at room tempera-
ture for 20 min and then subjected to 14% SDS-PAGE in the
presence of an equivalent of non-reducing sample buffer (0.5
M Tris-HCI, pH 6.8, 4% SDS, 20% glycerol, and bromophe-
nol blue).

2.7. Thermostability

Aliquots of thioredoxin at a concentration of 50 uM were
heated at 99 °C in TE buffer during various incubation times.
After heating the fractions were immediately cooled | min
on ice and centrifugated for 5 min at 13 000 rpm to precipi-
tate denatured protein, if any. Aliquots of the supernatant
were used to perform the DTNB reduction in presence of
NTR.

3. Results and discussion
3.1. Sequences analysis

Using the BLAST program, we have identified several
sequences for thioredoxin 4 in the leaf/root poplar expressed
sequence tag (EST) library (F. Martin, unpublished results).
Three of these sequences correspond to putative full-length
thioredoxins A called popTrxh3, popTrxh4 and popCXXS1
in this study.

A multiple alignment performed with Clustal W {19]
shows conserved amino acids in A. thaliana thioredoxin A
and poplar thioredoxins A (Fig. 1). Poplar as well as A.
thaliana thioredoxins h contain the conserved N-terminus
tryptophan residue (W17), which is a signature of the thiore-
doxin h sequences (W13 in Chlamydomonas reinhardtii)
[12,18]. Among the five poplar thioredoxin h sequences,
three present the classical sequence WCGPC in the active
site, whereas popTrxh1 exhibits a WCPPC site. PopCXXS1
exhibits the nontypical active site CXXS, this active site
being not compatible with typical thioredoxin activity [13]. It
has been postulated that this kind of protein could act as
disulfide isomerase and possibly as a reductase [13].

All known poplar thioredoxins h are members of the
groups defined with A. thaliana sequences. Indeed, a phylo-
genic tree produced on the basis of sequence similarity shows
that poplar thioredoxins are members of previously de-
scribed A. thaliana thioredoxins classes (Fig. 2). PopTrxh4 is
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popCXXS1

atCXXS1

atTrxh9

atCXXS2

atTrxh8

atTrxh4

atTrxh3

atTrxhS

opTrxhl

popTrxh3

atTrxhl

atTrxh2

popTrxh

0.1

Fig. 2. Phylogenic tree of

related to atTrxh9, which forms with several other plant
thioredoxins h a distinct subgroup of thioredoxins & as pro-
posed previously [13]. PopCXXS1 is associated with
atCXXS1 in other subgroup, sharing also this unusual active
site as well as sequence homology. Nevertheless, atCXXS2
is not in this subgroup despite the active site homology.
Interestingly, the extended popTrxh2 is associated with at-
Trxh2, atTrxh7 and atTrxh8 in a particular subgroup, all
members of this subgroup having a N-terminal amino acid
extension. The significance of this particularity remains un-
clear but could be important for the physiological role of
these thioredoxins. PopTrxhl and popTrxh3 are associated

v. Trichobel and A. thaliana thioredoxins h. Each thioredoxin is named in Fig. 1.

with the classic Arabidopsis thioredoxins ki (hl, h3, h4, and
h5). Nevertheless, popTrxh3 is closely associated with at-
Trxh1, which harbors the same classical active site WCGPC,
while popTrxhl is between the above thioredoxins. The other
three Arabidopsis thioredoxins (attrxh3, h4 and h5) exhibit-
ing the WCPPC active site are more closely related. Poplar
Trxh3 displays 66% identity and also a high degree of homol-
ogy (81%) vs. popTrxhl, nevertheless the active sites of both
proteins differ since the active site of popTrxhl (WCPPC) is
a variant of the canonical WCGPC found in popTrxh3. In this
context, we decided to compare the biochemical properties
of both popTrxh.
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w
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Fig. 3. Activity of different thioredoxins determined by the DTNB reduction
assay. Various amounts of oxidized thioredoxins were incubated in the
presence of 77.5 nM NTR, 150 uM NADPH, 100 pM DTNB in buffer 30
mM Tris-HC1 (pH 8.0). DTNB reduction was measured at 412 nm as
absorbance change per min. (), popTrhl P40G; (A), popTrxhl; (),
popTrxh3.

3.2. Expression of the recombinant protein popTrxh3
and purification

The corresponding cDNA of poptrxh3 has been cloned by
PCR and inserted into the expression plasmid pET-3d, yield-
ing the construction pET-Trxh3. The open reading frame
consists of 369 nucleotides coding for a polypeptide of 122
amino acids.

The pET-Trxh3 plasmid was used to transform the E. coli
expression strain BL21(DE3). The protein was purified using
two chromatographic steps consisting of a G50 gel fil
column followed by a diethyl amino ethyl (DEAE)
ion exchange. After SDS-PAGE analysis the ob!
ration showed unexpectedly two distinct bands”
molecular masses of about 14 and 28 kDay:
first value is in close agreement with
the polypeptide (13 345 Da). The 2

responsible of the“ampicillin resistance (HPETLVKVKD)
excluding the possibility to have significant amounts of a
thioredoxin dimer.

3.3. Catalytic properties and mutagenesis of the active site

One of the most widely used tests for the detection of Trx
activity is the reduction of 5,5 dithiobis nitrobenzoic acid
(DTNB) in the presence of the NADPH thioredoxin reduc-
tase (NTR)-dependent reduction system (Fig. 3). Interest-
ingly, the recombinant popTrxh3 is very efficient in this test
which indicates that it is readily reduced by the NADPH-
dependent thioredoxin reductase. The apparent Ky, calcu-
lated from these experiments is around 0.5 uM, which is

nmol reducedCDP/min

f different thioredoxins. Various
ubated in the presence of 77.5 1M

Fig. 4. Activity of popPrx in
amounts of oxidized thiore

purified and its activity tested. Unexpectedly, replac-

Pro40 by a glycine residue has a strong effect on the

activity, since the apparent K,; observed with the G40P
mutation increases to around 90 uM.

To complete this work, the active site of popTrxh3 has also
been modified producing the mutant protein popTrxh3G41P
possessing the following active site: WCPPC. This G41P
mutant was also produced in E. coli. The mutation modifies
dramatically the properties of the protein. It increases the
apparent hydrophobicity of the protein since it precipitated at
a concentration of 40% ammonium sulfate, while the wild
type (WT) precipitated between 40% and 80%. Furthermore,
the SDS-PAGE migration of G41P is altered since its appar-
ent molecular weight is around 18 kDa. In addition, the
recombinant protein was eluted throughout the G50 gel fil-
tration separation domain demonstrating an aggregation of
the mutated protein, which prevented complete purification.
The partially purified popTrxh3G41P exhibits only a very
weak residual activity using the NTR dependent reduction
system.

It has been demonstrated recently that a poplar type IT Prx
is able to use both Trx and glutaredoxin (Grx) as proton
donors [15,16]. Tt was thus of interest to test the efficiency of
both popTrx h in the reduction of popPrx. Fig. 4 shows the
results of those experiments. In this test, popTrxh3 allows a
better hydrogen peroxide (H,0,) reduction than popTrxhl.
Nevertheless the reaction rate saturates at about 15 uM what-
ever the thioredoxin used.

Experiments of covalent heterodimer formation between
popPrx and popTrxh3 have been performed in presence of
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48 kDa
Prx dimer (37 kDa)
35kDa Heterodimer (33 kDa)
Trx dimer (28 kDa)
24 kDa
15 kDa Prx monomer (18 kDa)
Trx monomer (14 kDa)
10 kDa

Fig. 5. Formation of heterodimers between popTrxh3 and popPrx. Non-
reducing 14% SDS-PAGE showing Prx incubated with popTrxh3 in pre-
sence of diamide. Arrows indicate the position of the monomeric enzymes
and the dimers.

diamide as previously described [16].Fig. 5 shows the result
of this association. The popTrxh3 molecule is present with
apparent molecular masses of 14 kDa corresponding to the
monomer and the popPrx is present with the usual doublet at
about 18 kDa. By running the proteins individually and based
on the molecular mass determination, we could assess the
additional polypeptides as follows: the 33-kDa polypeptide
is likely a heterodimer between one molecule of Trx and one
molecule of Prx, the 28-kDa polypeptide is a Trx dimer and
the 37-kDa polypeptide is a Prx dimer [16]. The heterod
also generated in presence of diamide can be reduced
presence of excess dithiothreitol (data not shown
appearance of the heterodimer polypeptide afi
confirms that the two chains are indeed linke
disulfide bond. These data suggest that
create stable association with popPrx.

To examine the possible involvemen:
in the reduction of ribonucleotides, we e
tivity with RR1a from E. coli[6}: ,
of specificity that might have arisen if E. coli thioredoxin
reductase and NADPH would /€ been used, these experi-
ments were perform esence of DTT. The plant
thioredoxins were mi s active in the reduction of E. coli
RR1a when conip the E. coli homologous enzyme
(Fig. 6). PopTrxh3 'Wwas more active than popTrxh1 in this in
vitro experiment, nevertheless the reaction rates saturates at
about 5 uM whatever the plant thioredoxin used.

h thioredoxins
ined their reac-

3.4. Thermostability

One interesting feature of popTrxhl is the thermal stabil-
ity of this protein compared to C. reinhardtii thioredoxin [1].
Given the high homology between both popTrx h, it was of
interest to determine whether popTrxh3 exhibits the same
thermostability as popTrxhl1. Both proteins are able to con-
serve a biological activity even after 10 min heating at 99 °C,
nevertheless popTrxhl is slightly more thermostable than
popTrxh3 (respectively around 30% and 15% of initial

04 T

03 | i

02t .

ADQ340nmémin

01 t .

Fig. 6. CDPreduction by E. coliri
CDP by E. coli RNR1a was t

reduction of disulfide bonds on selected target proteins. The
significance of the high number of thioredoxins 4 found in
higher plants remains unclear, since each individual thiore-
doxin 4 characterized so far allows the transduction of a
redox signal from NTR to target proteins without specificity.
The redox potentials of these catalysts depend on both the
nature of the amino acid present between the two catalytic
cysteine residues and the surrounding amino acid residues
[2]. In this work, we have characterized a novel cytosolic
thioredoxin from poplar called popTrxh3. It is very homolo-
gous to the previously described popTrxhl (81% of homol-
ogy) [1], nevertheless both thioredoxins differ in their active
site since popTrxh1 exhibits the atypical site WCPPC. Both
recombinant proteins exhibit differences in their ability to be
reduced by the NTR from A. thaliana, popTrxh3 being more
active than popTrxhl. In popTrxh3, the single mutation
G41P alters the conformation of the molecule leading to an
inactive protein. Similarly, when the active site of popTrxhl
was modified into WCGPC, the activity of the resulting
protein is dramatically reduced. It has been shown in atTrxh3
that the modification of the active site WCPPC into WCGPC
allows the molecule to restore sulfate assimilation during
yeast complementation experiments [2]. Our results on pop-
lar thioredoxins suggest that the amino acid located at the
C-terminal side of the catalytic cysteine residue is of course
important for the catalytic activity but also essential to main-
tain an active conformation in the case of popTrxh3. The
ancestral mutation leading to the transformation of the active
site from WCGPC to WCPPC in popTrxhl must have been
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accompanied by other mutation(s) involving surrounding
amino acids and stabilizing the protein in an active confor-
mation.

It has been demonstrated that a rice thioredoxin 4 is
present in the phloem sieve tubes [7]. This thioredoxin is
synthesized in the companion cells prior to being transferred,
through plasmodesmata, to the enucleate sieve-tube mem-
bers. Several structural motifs are critical for this cell-to-cell
movement, particularly the N-terminal following sequence
MAAEE and a motif RKDD situated in the C-terminal area
[8]. Interestingly, the amino acid sequence of popTrxh3 also
begins by MAAEE and possesses a motif R, o,KDE, o highly
homologous to the R4, KDD,,, motif in the C-terminal area
of rice thioredoxin 4. This homology suggests then a possible
phloem localization of popTrxh3 as well as a putative cell-
to-cell transfer of this protein. The confirmation of this hy-
pothesis requires further experiments studying subcellular
and tissue localization of this protein.
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Cet article décrit I'isolement d’'une Grx bicystéinique de 139 acides aminés
homologue a la Grx CxxC4 d'A. thaliana (Tableau | et Figure 9) ainsi que les
modifications de la séquence nucléotidique effectuées pour optimiser I'expression de
la protéine recombinante chez E. coli. En effet, la séquence initialement reconstituée
a partir de ségquence EST était tronquée en C-terminal de 14 acides aminés. De plus,
cette séquence code pour une protéine qui posséde une extension N-terminale
d’environ 27 acides aminés par rapport aux séquences fonctionnelles de Grx
préalablement caractérisées. Quelles que soient les modifications envisagées, la
protéine de 139 acides aminés n’a jamais pu étre exprimée chez E. coli. Toutefois,
ce travail nous a permis de réaliser I'importance des codons initiaux pour I'efficacité
de la traduction d’'une séquence chez E. coli. Ainsi, I'existence de ce biais de codon
chez E. coli c’est a dire que certains codons sont peu utilisés du fait de la faible
représentativité des ARNt correspondant, est a prendre en compte lorsqu’on veut
exprimer une séquence chez E. coli. En effet, en fonction de leur position dans la
séquence codante, deux des codons codant pour l'arginine, AGG et AGA, sont
réellement défavorables & une expression efficace de la protéine recombinante chez
E. coli. Ce probléme peut étre contourné en utilisant le plasmide pSBET qui code
pour '’ARNt reconnaissant ces deux codons AGG et AGA. Enfin, I'activité de cette
Grx a été démontrée envers un substrat artificiel le HED (hydroxyethyl disulfide) et le
DHA (déhydroascorbate).
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Glutaredoxins are low-molecular-weight oxidore-
ductases that play an important role in redox regula-
tion in eukaryotic and prokaryotic cells. Because of
their low abundance, these proteins are poorly charac-
terized in plants. Furthermore, very poor yields have
been obtained with the expression systems prepared
so far, and in addition, the recombinant products con-
tain a His-tag which can interfere with the biochemical
characterization. In order to obtain more information
about those important regulatory proteins in plants, a
cDNA coding for an extended glutaredoxin has been
introduced into the expression plasmid pET-3d and the
resulting construction has been used to transform
Escherichia coli strain BL21(DE3) in the presence of
plasmid helper pSBET or not. Initially poor or ineffec-
tive protein expression has been improved by succes-
sively cloning a N-terminus truncated form of the
protein, introducing silent mutations both at the 5’ and
at the 3’ ends of the nucleotide sequence, and finally
altering the 3' end in order to change the C-terminus
amino acid sequence of the protein. The first modifica-
tions have allowed us to produce the protein in large
amounts but essentially in an insoluble form which
could be resolubilized and purified. On the other hand,
changing the C-terminus sequence resulted in protein
preparations of high purity and in a soluble form. The
recombinant proteins were biochemically active and
the yield varied between 6 and 14 mg of homogeneous
protein per liter of culture. o 2002 Eisevier Science (USA)

! To whom correspondence should be addressed. E-mail: j2p@scbiol.
uhp-nancy.fr.
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In the past years, the study of redox reactions involv-
ing the reduction of disulfide bridges has received ever
more attention. It appears that maintaining a reduced
intracellular state is essential to fight against an oxidiz-
ing extracellular environment and reactive oxygen spe-
cies which are the product of normal aerobic metabo-
lism. Indeed, the oxidation of proteins can lead to their
inactivation and to cellular dysfunction (1). The thiol
disulfide oxidoreductases, which regroups proteins
such as thioredoxins (Trx),? glutaredoxins (Grx) (origi-
nally named thioltransferase or transhydrogenase),
protein disulfide isomerases (PDI), and nucleoredoxins
are present in all living organisms and are necessary
for the maintaining of a proper redox state (2-4). While
Trx and Grx are effective reductants, PDI is clearly an
oxidant whose function is to create disulfide bridges.
All the above-mentioned proteins possess a conserved
active site C-X-X-C, required for their activities and a
similar basic structural fold called the thioredoxin fold.

Glutaredoxin can be differentiated from the other
above-mentioned catalysts by the amino acid sequence
of its active site [CP(Y/F)C} that is highly conserved
among species. In Escherichia coli, glutaredoxins vary
in size between 82 and 215 amino acids, but in most
other species, the medium size is of ca. 100 amino acids
with a molecular weight of around 11 kDa (5). Grx is
selectively reduced via NADPH, through a flavoprotein
glutathione reductase and reduced glutathione (6). In
prokaryotic and animal cells, Grx acts as a reductant
for many enzymes including ribonucleotide reductase

2 Abbreviations used: DHA, dehydroascorbate; Grx, glutaredoxin;
HED, hydroxyethyl disulfide; Trx, thioredoxins; PDI, protein disulfide
isomerases; LB, Luria-Bertani; DTT, dithiothreitol; EST, expressed
sequence tag.

1046-5928/02 $35.00
© 2002 Elsevier Science (USA)
All rights reserved.
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(7) and PAPS reductase (8). It is also implicated in the
reduction of arsenate to arsenite by arsenate reductase
in E. coli (9) and of dehydroascorbate to ascorbate in
mammals (10). Grx can also activate transcription fac-
tors such as OxyR (11, 12), PEBP2 (polyoma virus en-
hancer binding protein 2) (13), or NF1 (nuclear factor
1) (14). It seems thus that this protein participates in
cell transduction cascades through the redox regulation
of these transcription factors.

A specificity of Grx is its involvement in protein glu-
tathiolation processes, Indeed, an oxidative stress can
induce a reversible oxidation of cysteine residues into
sulfenic acid or an irreversible oxidation into sulfonic
or sulfinic acids. A mixed disulfide bridge between a
given target protein and glutathione could prevent irre-
versible oxidation of an active-site cysteine residue. As
Grx can efficiently perform protein deglutathiolation,
it could play a major role in the regulation and mainte-
nance of protein activities (15, 16).

In plants, little is known about the function of Grx.
It has been demonstrated in rice that Grx is one of the
major polypeptides of the phloem sap which suggests
that it could play a role in the signal transduction mech-
anism over long distances (17). It has also been observed
that Grx is present in Spinacia oleracea leaves (18) or
in the aleurone layer from Oryza sativa (19) where it
could act as a protector against oxygen radicals. Never-
theless, all these observations remain rather sketchy,
essentially because this protein is present in low
amounts and the previous expression systems gave
rather poor yields. Furthermore, the target proteins of
Grx in plants are not known. In order to gather more
biochemical information about the function and struc-
ture of glutaredoxins in plants, we have decided to in-
vestigate this problem using poplar as a starting mate-
rial. One of the reasons for this choice is that there are
absolutely no data concerning the presence and the
function of this type of protein in woody species in con-
trast to herbaceous species. Poplar is indeed the pre-
ferred model for woody species, since it is a tree of
economic interest and it is amenable to transformation.
As the protein is present in very low amounts in poplar,
we had to turn to genetic engineering in order to obtain
the protein in sufficient yield for further biochemical
and structural analyses. We describe in this paper the
strategy used to optimize the production of a poplar Grx
devoid of His-tag in E. coli through the manipulation of
its cDNA sequence.

MATERIALS AND METHODS
E. coli Strains, cDNA Library, and Plasmid

E. coli strains DH5aF' and BL21(DE3) were grown
on LB medium at 37°C supplemented with ampicillin
(50 ug/mL). The glutaredoxin cDNA was isolated from
a xylem/phloem cDNA library of Populus trichocarpa
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cv. trichobel provided by Drs. W. Boerjan and H. Meyer-
mans (University of Ghent, Belgium) and was cloned
into the expression vector pET-3d.

PCR Cloning

The different primers were designed based on plant
glutaredoxin amino acid comparisons and available
ESTs (Accession Nos. AI166603 and AI162979). Up-
stream oligonucleotides are homologous to the coding
strand and possess a Ncol restriction site. Reverse oli-
gonucleotides are complementary to the 5’ end of the
noncoding strand and contain a BamHI restriction site.
All primers used throughout this work are displayed
in Table 1. PCR reactions were effected on the xylem/
phloem ¢DNA library (2.5 pL with a titer of 5.10°
phages/mL), in 100 uL of the reaction medium con-
taining 200 nM each primer, 2.5 mM MgCl;, 200 nM
dNTPs, and 1 unit of Goldstar DNA polymerase (Euro-
gentec, Seraing, Belgium). The reaction mixture was
first submitted to an initial denaturation step of 3 min
at 95°C and then to 35 cycles (1 min at 95°C, 2 min at
52°C, and 3 min at 72°C) followed by a final elongation
step of 10 min at 72°C. The amplified fragments were
then purified by the GFX PCR DNA and gel band purifi-
cation kit from Amersham Pharmacia Biotech (Upp-
sala, Sweden), digested with the appropriate restriction
enzymes, and cloned into the pET-3d expression plas-
mid which was then called pET-Grx.

Glutaredoxin Expression and Purification

E. c0li BL.21(DE3) cells containing or not the plasmid
pSBET (20) were transformed with the recombinant
expression plasmid pET-Grx. One ampicillin- (and ka-
namycin when needed) resistant colony was grown in
3 mL and progressively brought up to 5 L at 37°C. Once
the exponential phase was reached, the cultures were
induced for 4 h with 100 uM isopropyl thiogalactoside
(Eurogentec). Bacteria were then pelleted by centrifu-
gation at 4400g and resuspended in a minimal volume
of TE (30 mM Tris-HCI, pH 8, 1 mM EDTA) buffer
(typically 70 mL final/5 L culture). Samples were soni-
cated on ice with the Sonicator Ultrasonic processor XL
from Misonix (Farmingdale, NY) for 3 min. Extracts
were precipitated between 40 and 90% of ammonium
sulfate saturation and the resulting protein pellet was
resuspended in ca. 10 mL TE. Sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) was
then performed to determine if the recombinant Grx
was soluble or contained in the insoluble fraction.

When the protein aggregated into inclusion bodies,
additional steps were included in order to solubilize the
Grx. The insoluble material (contained in the 0-40%
ammonium sulfate fraction) was first washed four times
with 1 M urea and 10 mM EDTA and then two times
with sterile water. The pellet was then treated with 8
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TABLE 1
Nucleotide Sequence of the Primers
Direct primers Reverse primers
a 5" TCTTCCATGGCGACGAGGATAAGATT 3’ d 5" GGGGATCCCTAAAAGTTAGCAAGTTCTCC 3’
a’ 5" AAAACCATGGCTACCAGGATTAGATTGCCATCA 3’ d’ 5" AAAAGGATCCTCATTAAAAGTTAGCAAGTTCT 3’
b 5' GGGCCATGGCTGGCAGCCCTGAAGCT 3’ e 5" GGGGGGATCCTTAAAAGTCATCTTTCTGCTC 3
¢ 5" GGGCCATGGGCAGCCTGAAGCTACT 3’ f 5" GGGGGGATCCTCATTCTAGTTTAAAGTCATC3’
c’ 5" AAAACCATGGGTAGCCCTGAAGCTACT 3’

Note. Ncol and BamHI restriction sites are underlined. Nucleotides optimized for the production in E. Coli are in bold characters. The
following constructions have been obtained with the primer’s combinations listed: pET-Grx1A, a and d; pET-Grx1B, b and d; pET-Grx1C, ¢
and d; pET-Grx1A’, a’ and d’; pET-Grx1C’, ¢’ and d’; pET-Grx2, b and e; pET-Grx3, b and f.

M urea dissolved in TE containing 10 mM DTT for 30
min at 4°C and dialyzed twice against 3 L of TE to
eliminate urea.

Soluble samples were subjected to two chromato-
graphic steps, a gel filtration on a Sephadex G50 column
(6 X 70 cm) (Amersham Pharmacia Biotech, Uppsala,
Sweden), followed by a DEAE-Sepharose chromatogra-
phy (2 X 20 cm) (Amersham Pharmacia Biotech, Upp-
sala, Sweden), both in the presence of TE buffer. On the
G50 column, Grx-containing fractions were localized
either by the 2-hydroxyethy! disulfide (HED) reduction
test (see below) or by running SDS-PAGE on selected
fractions. In some cases, the recombinant Grx sample
was not separated from the proteins of high molecular
weight. These samples were loaded again on Sephadex
G50 after a treatment with 10 mM DTT and 200 mM
NaCl to exclude respectively thiol or electrostatic inter-
actions with other proteins. When needed, the fractions
of interest were dialyzed against TE buffer to eliminate
NaCl before the DEAE chromatography. Generally, Grx
was not retained on the DEAE matrix and could be
collected in the passed through fraction.

All proteins were finally concentrated and dialyzed
against TE buffer by ultrafiltration in an Amicon cell
(Amicon, Beverly, MA) equipped with a YM 10 mem-
brane under a nitrogen pressure of 5 bars. The recombi-
nant proteins were then aliquoted at concentrations of
ca. 3-5 mg/mL and stored at —20°C.

In Vitro Glutaredoxin Activity

The HED reduction test was used essentially to local-
ize poplar Grx during purification steps. The test was
performed in 1 mL of 100 mM Tris-HCI, pH 8, 2 mM
EDTA, 150 M NADPH (Boehringer Mannheim, Ger-
many), 1 mM glutathione (Sigma, St. Louis, MO), 1
unit glutathione reductase (Sigma), and 7 mM HED
(Acros, Noisy-le-grand, France). The Grx extract was
added after 2 min of incubation, allowing disulfide
bridge formation between glutathione and HED. The
oxidation of NADPH was measured at 340 nm.

The reduction of dehydroascorbate (DHA) (Sigma)

into ascorbate was also used to evaluate the functional-
ity of the recombinant proteins. One milliliter of reac-
tion mixture contains 50 mM phosphate buffer, pH 7,
2 mM EDTA, 150 uM NADPH, 500 M reduced gluta-
thione, 1 unit glutathione reductase, and 1 mM DHA.
The recombinant Grx was added after 1 min of incuba-
tion at 30°C and the oxidation of NADPH followed spec-
trophotometrically at 340 nm,

SDS-PAGE, N-Terminus Sequencing, and Mass
Spectrometry Determination

The level of protein expression in bacterial extracts,
the presence of Grx in the G50 fractions, and the purity
of the proteins were analyzed by SDS-PAGE (21).
Three to 10 ug of protein dissociated in the presence of
B-mercaptoethanol and not heated were analyzed on
14% polyacrylamide gels. Sequencing of ca. 100 pmol
of the Grx purified was performed on the first 10 amino
acids to determine the N-terminal sequence of the re-
combinant protein. Edman degradation was performed
on a Beckman Instruments LF 3000 sequencer. Phenyl-
thiohydantein-amino acids were identified by chroma-
tography on a micro-PTH ODS Spherogel column (2 X
150 mm) using the system Gold analytical microbore
HPLC.

The molecular masses of the recombinant proteins
were determined by matrix-assisted laser desorption
ionization/time-of-flight mass spectrometry with a PE
Biosystems/Voyager—DE STR instruments operating in
a positive reflector mode. 2.5-dihydroxybenzoic acid
was used as matrix.

RESULTS
Sequence Analysis

As glutaredoxin is not a very abundant enzyme and
poplar xylem/phloem is also not a very good biochemical
material to start with, it is impossible to isolate the
protein directly from the plant and deduce its amino
acid sequence. It is thus necessary to use molecular
biology techniques to gain access to the recombinant
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protein. A putative glutaredoxin sequence (Grx1) was
reconstituted by overlapping two poplar ESTs with re-
spective accession numbers AI166603 and AI162979
and cloned by PCR into the pET-3d plasmid. Overall,
the cDNA coding sequence is 378 bp long, resulting in
a protein of 125 amino acids, including the initiator
methionine. The deduced amino acid sequence pos-
sesses the conserved active site YCPYC, characteristic
of the glutaredoxins (Fig. 1). This figure also shows two
alternative C-termini ends assuming that there is an
error in the sequence of the EST, resulting in a
frameshift (denominated later in this paper Grx2 and
Grx3). The theoretical molecular weight, pI, and molar
extinction coefficient of Grx1 have been determined by
the program Prot param tool from Expasy (http:/
www.expasy.org/tools/protparam.html) and are respec-
tively 13,649 Da, 6.1, and 9650 M cm™! at 280 nm.
An interesting feature of this sequence is that when
compared to most available plant Grx sequences, it dis-
plays an N-terminus extension of ca. 25 amino acids.
The interrogation of the PSORT prediction site (http://
psort.nibb.acjp/form.html) suggests that the protein
could have a N-terminus transit peptide targeting for
excretion outside the cell. The cleavage site is predicted
to be between alanine 27 and 28.

ATGGCGACGAGGATAAGATTGCCATCAATCTTGGCTACAGCAGTAACATTAACAGTACTT
Eb:]ATRIRLPSILATAVTLTVL
B ——
GCOGCATCACTCACCTGEGCTGCTGGCAGCCCTGAAGCTACTTTTGTCAAMAAGACCATC
AASLTWAAGSPEATEVKKTI

="
TCTTCTCATCAGATCGTCATCTTCTCCAAGTCTY, SGTATTCTAAGAAGGCTAAA
$ SHQIVIFSIKSH K K A K

GGTGTTTTCAAAGAACTGAACCAGACACCACATGTTGT CGAGCTCGATCAAAGAGAGGAT
GV F KELNQTPHRY VELDTUGREHD

GGGCACAACATTCAGGATGC CATGAGTGAAAT TG TTGGGAGGCGCACCOTGUCTCAGGTT
G HNIQDAMSETIVGRRTVPQGYV

TTCATAAACGGGAAGCACATTGGTGGCTCAGATGACACCGTGGAAGCATACGAAAGTGRA
F I ¥ GXKHIGGSDDTVEAYTESSEG

GAACTTGCTAACTTTTAG
E L ANTF *

GAACTTGCTAAGCTTTTAGGAGTTGCTTCAGAGCAGAAAGATGACTTTTAA
£ L AKILLGVASEQKUDDTF *

- @
GAACTTGCTAAGCTTTTAGGAGTTGCTTCAGAGCAGAAAGATGACTTTAAACTAGAATGA
EL AKLILGVYASTEOQKTDUDTFIEKILTE®*

< {1 |

FIG. 1. Nucleotide and deduced amino acid sequences of poplar
glutaredoxin. The three alternate C-termini of Grx1, 2, and 3 are
indicated as well as the position of the primers used for PCR cloning.
The active site is shade boxed.
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As a consequence, we have decided to clone different
constructions into pET-3d, a long sequence named
pET-Grx1A (MATRIRL) and two truncated sequences
without the putative transit peptide called respectively
pET-Grx1B (MAGSPEATFVKK) and pET-Grx1C
(MGSPEATFVKK) (Fig. 1). In brackets is indicated the
N-terminus sequence resulting from these construc-
tions. The details of the sequences and combination of
the cloning oligonucleotides are given in Table 1. The
sequences in the pET-Grx1B and pET-Grx1C construc-
tions programmed respectively for proteins of 99 and
98 amino acids. The theoretical molecular weights, pI,
and molar extinction coefficient of Grx1B and 1C are
respectively 10,957 or 10,886 Da, 6.1, and 3960 M cm™!
at 280 nm. The rationale behind this choice is the follow-
ing: it is clear from the literature that the precursor
sequences when overexpressed in E. coli are either
cleaved at a site close to the putative cleavage site or
very frequently unstable and degraded (22, 23). On the
other hand, when the signal peptide is eliminated, in
general the protein is expressed with a high yield in a
soluble form. In our case, whatever the construction
used, no glutaredoxin overexpression was observed in
E. coli strain BL21(DE3) either using SDS-PAGE or
when testing in the HED reduction (data not shown).

Cotransformation with pSBET

One possibility to explain this absence of production
is the existence of rare codons in the sequence that are
not adapted to the E. coli translation machinery. In
particular, the AGG and AGA codons triplets for argi-
nine are very poorly used in E, coli and could prevent
protein expression. These codons are even more unfa-
vorable when they are located in the 5’ end of the cDNA
sequence or when they are repeated in tandem (24).
Two such unfavorable arginine codons are located in the
six first codons of the Grx1 sequence, and additionally
there is a tandem of Arg codons in positions 94 and
95, the first one being unfavorable. To overcome this
problem, the strain BL21(DE3) was cotransformed with
plasmid pSBET which encodes the tRNA recognizing
the AGG and AGA codons (20) and protein expression
was analyzed as above.

When the cells containing either pET-Grx1A or pET-
Grx1C were cotransformed with pSBET, no expression
was observed. This strategy was however clearly suc-
cessful with the construction pET-Grx1B. The recombi-
nant protein was generally soluble but the solubility
seemed to depend on the growth temperature, and on
the timing and length of the induction period. As these
parameters are difficult to manipulate all together, it
was not always possible to obtain a soluble recombinant
protein. Moreover, N-terminal sequencing indicates a
N-terminus clipping with a partial excision of the N-
terminal methionine and degradation up to three or
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four first amino acids. It is difficult to explain why
among the two shorter constructions, only pET-Grx1B
is a productive one. Interestingly, the only difference
between constructions pET-Grx1B and pET-Grx1C is
an additional alanine behind the initiator methionine
in N-terminal for pET-Grx1B. One level of explanation
for the large fluctuations observed in expression be-
tween these three constructions is related to the nucleo-
tide composition of the 5’ and 3’ ends as explained
below.

Introduction of Silent Mutations at the 3 and the 5
End Nucleotide Sequence

Studies about the preferentially used stop codon dem-
onstrate that in E. colf the UAA stop codon is more
efficient than the two others (UAG and UGA) as trans-
lation terminator and even more when present in the
UAAU sequence (25). A new reverse oligonucleotide
that contains the two stop codons TAA and TGA in
tandem (named oligo d’ in Table 1) was thus synthe-
sized. In addition, Bucheler et al. have demonstrated
the importance of the third base of the codon in the
first eight codons for a correct initiation of the transla-
tion step and as a consequence for the protein expres-
sion in E. coli (26). More specifically, it appears that
the presence of A or T in this position favors, at least
in some cases, a better expression of the recombinant
protein. It has also been shown that the nature of the
codon adjacent to the initial start codon is very im-
portant for the translation of the sequence because of
its intervention in the ribosomal-binding site structure
(27). To take into account these biases, two new forward
oligonucleotides were constructed (named a’ and ¢’ in
Table 1). In primer a’, the second codon GCG was re-
placed by GCT, the third ACG by ACC, and the fifth
ATA by ATT (in addition to the above mentioned rule,
ATA is a very poor codon in E. coli). In oligo c¢’, the
second codon GGC is replaced by GGT. In relation with
this modification, Looman et al. have described that
the GGC codon is never used in second position whereas
GGT is (27). Combining the use of primers a’ and d’
and of primers ¢’ and d’ resulted in two new construc-
tions pET-Grx-1A" and pET-Grx-1C’.

Cotransformation of the strain BL21(DE3) by pSBET
together with these new constructions leads to protein
overexpression only for pET-Grx-1C’ and further analy-
sis showed that the corresponding recombinant protein
was insoluble. Different treatments, described under
Materials and Methods, allow us to solubilize and par-
tially purify the recombinant Grx. N-terminus sequenc-
ing confirms the sequence MGSPEATFVKK of the pro-
tein and indicates that the N-terminal methionine is
partially cleaved (ca. 75%). The presence of glycine
which has a very small side chain as the adjacent resi-
due generally favors the cleavage of the methionine
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(28). Clearly, the optimization of the coding sequence
helped solve the expression problem in the case of pET-
Grx1C’, but did not improve the solubility problem.

Modifications of the 3 Nucleotide Sequence Leading
to Alternate C-Terminal Amino Acid Sequences

The recent availability in the GenBank database of
a glutaredoxin nucleotide sequence from Arabidopsis
thaliana (Accession No. AJ271472), strongly homolo-
gous to the poplar sequence (ca. 75% identity),
prompted us to reexamine the 3’ end sequence. It is
clear that ESTs are generally not completely secure in
terms of nucleotide sequence and this led us to modify
the 3’ end sequence, taking into account deduced amino
acid comparisons (data not shown). As a consequence,
two reverse primers, e and f, were constructed and used
to amplify from the cDNA library two alternate versions
of poplar Grx that end with sequences YESGELAKLL-
GVASEQKDDF and YESGELAKLLGVASEQKDDEF-
KLE instead of YESGELANF (see Fig. 1). Two new
recombinant plasmids were engineered, leading to con-
structions pET-Grx2 (primers b and e) and pET-Grx3
(primers b and f) (cf. Table 1). The proteins encoded by
these constructions were shortened on the N-terminus
side, but elongated on the C-terminus side with respec-
tively 110 and 113 amino acids. The theoretical molecu-
lar masses, pl, and molar extinction coefficient of Grx2
and 3 are respectively 12,156 or 12,526 Da, 5.8, and
3960 M cm™! at 280 nm.

Constructions pET-Grx2 and pET-Grx3 led to the ov-
erexpression of Grx in a soluble form. As a consequence
the protein could be purified relatively easily using a
combination of ammonium sulfate fractionation, Seph-
adex G50 gel filtration and DEAE chromatography as
described under Materials and Methods. An example
of the elution profile of the Sephadex G50 step is shown
in Fig. 2. Because of the absence of Trp residues in the
sequence, the UV absorption of the protein is quite low
and no additional peak or shoulder peak is detected
on the chromatogram (Fig. 2A). On the other hand,
SDS-PAGE of selected fractions clearly shows the dis-
tribution of the recombinant protein through the vari-
ous fractions and the separation of the bulk of the pro-
tein from high-molecular-weight contaminants (Fig.
2B). Up to 9.5 mg of pure recombinant protein could be
obtained per liter of culture. The molecular masses of
Grx2 and Grx3 were analyzed by mass spectrometry
and found to be 12,023 and 12,393 Da, respectively.
Comparing these values to those of the theoretical
masses obtained directly from the amino acid sequence
(12,156 and 12,526 Da) indicates that both proteins are
smaller by 133 Da, a value that would fit well with
the removal of the N-terminus methionine. This was
confirmed for Grx2 by analysis of the N-terminus se-
quence which was found to be AGSPEATFVK, indicat-
ing a complete excision of the methionine. In addition,
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(A) Elution profile of the Sephadex G50 column. (B) SDS-PAGE 14%. Lane 1, purified sample of Grx1B.

FIG. 2.

the masses of the recombinant products confirm the
sequences of Grx2 and Grx3 and indicate that there
is no proteolytic cleavage at the C-terminus of both
proteins. Figure 3 shows the electrophoretic pattern of
all the protein preparations: it clearly indicates that
the preparations of highest purity are those correspond-
ing to constructions pET-Grx2 and pET-Grx3 where the
recombinant protein is produced in a soluble form. A
peculiar feature is that all preparations exhibit an ap-
parent molecular mass of ca. 15 kDa, despite having

kDa
75
50| =
37
25
15| ———————
12 3 4 5

FIG. 3. SDS-PAGE showing the four recombinant proteins. Lane
1, molecular weight markers; lane 2, Grx1C’; lane 3, Grx1B; lane 4,
Grx2; lane 5, Grx3. Acrylamide concentration 14%.

real masses closer to 12 kDa. Such atypical electropho-
retic or chromatographic behaviors have already been
observed for other proteins such as ferredoxin for exam-
ple (29).

Table 2 summarizes the yield of recombinant proteins
obtained with each construction and the specific activi-
ties of every purified protein with the two substrates
HED and DHA. The yields varied between 6 mg/L
(Grx1B and Grx3) and 14 mg/L (Grx 1C’). All prepara-
tions exhibited activity with HED, an artificial sub-
strate of Grx which contains a disulfide bridge, but

TABLE 2

Yield and Specific Activity of the Different Recombinant
Grx Preparations

Yield (mg/liter) HED activity DHA activity

Grx1C’ 14 0.81 * 0.04 1d
Grx1B 6 1.17 = 0.01 1d
Grx2 10 88 1 505 + 1
Grx3 6 49 + 3 49 * 0.5

Note. The yield is expressed in milligrams of pure recombinant
protein per liter of bacterial culture. Specific activities are the result
of three independent assays. It is expressed in nanomoles NADPH
oxidized per minute and per microgram of protein. Basal activities
without Grx were withdrawn. 1 d, limit of detection.
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Grx2 and Grx3 were much more efficient catalysts than
Grx1B and 1C'. Alternatively, when dehydroascorbate
was used as a substrate, only Grx2 and Grx3 were
active with similar efficiencies, and both Grx1B and
Grx1C' were inactive, even at higher concentrations.

DISCUSSION

The initial lack of expression for recombinant glutar-
edoxin in E. coli has been overcome by successively
shortening the 5’ nucleotide sequence, cotransforming
with a plasmid rescuing the Arg unfavorable codons,
optimizing the 5’ and 3’ ends of the cDNAs and finally
elongating the 3’ end which resulted in a soluble pro-
tein, shorter on the N-terminus side and elongated on
the C-terminus side compared to the first versions
tested. Because of the relative variations observed in
the sequence length of several glutaredoxins, it is not
always easy to predict where a given protein should
start and end, more especially so because the N and C-
terminal ends are generally the most variable regions
in proteins. Structurally, it has been observed that the
shortest forms of glutaredoxin (E. coli or T,) lack an a-
helix on the N-terminus (30). In this respect, even
though they have been shortened on the N-terminus
side, the constructions Grx1B, Grx1C, Grx2, and Grx3
are all longer than the short glutaredoxins and are
predicted to possess this additional N-terminus helix.
Overall, all constructions which contain the N-terminus
extension that presumably leads to excretion were un-
successful.

The situation is a bit more complex on the C-terminus
side, because of low similarity to the existing structural
models. It appears nevertheless that the C-terminus
end of constructions Grx1B or Grx1C is likely part of
a C-terminus a-helix that may have been shortened.
Because of the low homologies in the C-terminus region,
structure predictions do not allow to predict whether
the C-terminal ends of constructions Grx2 and Grx3
are indeed involved in a longer a-helix or in another
structural unit. Nevertheless, it appears likely that the
solubility problems encountered in the beginning of this
study are the result of a truncation of the protein on
the C-terminus side which results in increased hydro-
phobicity and partial insolubilization of the polypep-
tide.

All biochemical evidence supports the proposal that
the longest C-terminus forms may represent a better
and more stable version of plant Grx. All versions of
poplar Grx constructed in this study were active with
HED, although the two C-terminus elongated forms
were ca. 50-fold more active. In addition, only the two
elongated forms were found to be able to reduce DHA.
There is indeed some controversy in the literature con-
cerning the reduction of DHA by plant glutaredoxin. A
report by Szederkenyi et al. shows that the Ricinus
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communis glutaredoxin is active in that reaction (17).
However Minakuchi et al. and Morell et al. did not
detect any activity for seed rice and spinach leaf glutar-
edoxins, respectively (18, 19). Our results clearly sup-
port the first observation.

As poplar Grx is now obtained in a very good purity,
in a soluble form and with a good yield, this opens the
way to structural and biochemical studies, including
the preparation of variants by site-directed mutagene-
sis that will help identify the targets of this protein.
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Le travail effectué dans cet article décrit la mutation de tous les acides aminés
du site actif de cette Grx de peuplier, d’'une part pour connaitre l'importance de
chaque résidu dans la catalyse et d’autre part pour transformer le site actif de cette
Grx (26YCPYC3) en celui d'une Trx (WCPPC). Six mutations ont été introduites
aboutissant aux sites actifs modifies ACPYC, YSPYC, YCPFC, YCPPC, YCPYS et
WCPPC. Toutes ces protéines ont été exprimées chez E. coli, purifiées et leur
activité a été évaluée Les résultats obtenus indiquent que la cystéine 27 est
indispensable a la catalyse, au contraire de la cystéine 30 démontrant que cette Grx
peut fonctionner selon un mode de catalyse monothiol. La mutation de la tyrosine 26
en alanine réduit faiblement l'activit¢ de la protéine pour chacun des tests
enzymatiques utilisés suggérant que ce résidu n’est pas essentiel a l'activité de la
protéine. La mutation de la tyrosine 29 en un autre acide aminé aromatique, la
phénylalanine ne modifie pas l'activité de la protéine, alors que la mutation en proline
abolit complétement ou presque son activité. Enfin, le mutant WCPPC présentant un
site actif de Trx n’est plus actif quel que soit le test d’activité utilisé suggérant que le
déterminisme structural de reconnaissance des Trx envers ses protéines cibles n’est

pas uniqguement contenu dans le site actif.
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Abstract Six mutants (Y26A, C27S, Y29F, Y29P, C30S and
Y26W/Y29P) have been engineered in order to explore the active
site of poplar glutaredoxin (Grx) (Y26CPYCz). The cysteinic
mutants indicate that Cys 27 is the primary nucleophile. Phe is a
good substitute for Tyr 29, but the Y29P mutant was inactive.
The Y26A mutation caused a moderate loss of activity. The
YCPPC and WCPPC mutations did not improve the reactivity of
Grx with the chloroplastic NADP-malate dehydrogenase, a well
known target of thioredoxins (Trxs). The results are discussed in
relation with the known biochemical properties of Grx and
Trx. © 2002 Federation of European Biochemical Societies.
Published by Elsevier Science B.V. All rights reserved.

Key words: Glutaredoxin; Thioredoxin; Redox regulation;
Dithiol/disulfide exchange

1. Introduction

Thioredoxin (Trx) and glutaredoxin (Grx) are structurally
related proteins, the major function of which is to reduce
disulfide bridges on other proteins. Both proteins differ by
their mode of reduction and their active site sequence
(YCP[Y/F]C for Grx and WC[G/PIPC for Trx) [1].

Trxs are fairly well characterized in plants, and it has been
shown that there are multiple nuclear genes (close to 20 in the
simple model Arabidopsis thaliana that encode cytosolic, mi-
tochondrial and chloroplastic isoforms) [2]. In the cytosol and
probably mitochondria, Trxs are reduced via NADPH and a
flavoprotein, NADPH Trx reductase. Chloroplastic Trxs are
reduced in the light by a cascade that involves the photosys-
tem I, [2Fe2S] stromal ferredoxin and an iron—sulfur enzyme,
ferredoxin-Trx reductase [3]. The targets of chloroplastic Trxs
are well characterized, notably the redox-regulated fructose-
1,6-bisphosphatase and NADP-malate dehydrogenase (MDH)
[4,5]. Besides the two catalytic cysteines, the active site of Trx
involves the conserved tryptophan residue adjacent to the
most N-terminal cysteine and a buried aspartate residue that
is conserved in all Trx sequences from bacteria to mammalian
systems [6-8]. The redox potentials of Trxs are close to —~300

*Corresponding author.
E-mail address: j2p@scbiol.uhp-nancy.fr (J.-P. Jacquot).

Abbreviations: DHA, dehydroascorbate; DTT, dithiothreitol; Grx,
glutaredoxin; GR, glutathione reductase; HED, 2-hydroxyethyldisul-
fide; NADP-MDH, NADP-malate dehydrogenase; Prx, peroxiredox-
in; Trx, thioredoxin

mV, a value that makes them very efficient reductants of di-
sulfide bridges [9]. The three-dimensional structure of Trxs is
also very well described, all isoforms have a similar fold with
a central pleated B sheet surrounded by o helices. The attack-
ing cysteine as well as the active site tryptophan are surface-
exposed while the other cysteine is more buried [10].

Grxs are rather well known in bacteria (such as Escherichia
coli), yeast and mammalian systems. In E. coli there are three
Grx genes, at least five in yeast and apparently only two in
human [11-14]. In all known organisms, Grxs are reduced via
a cascade that involves NADPH, glutathione reductase (GR)
and the tripeptide glutathione [1]. The redox potential of Grx
is estimated to be around —230 mV [15]. Although the targets
of Grx are not as well characterized as those of Trx, it is quite
clear that Grx is the preferred donor to ribonucleotide reduc-
tase and as efficient as Trx with PAPS reductase [16,17]. On
the other hand, the information about plant Grxs is more
scarce. The questioning of GenBank indicates that there are
also multiple genes in plants with rather large variations at the
active site (from the canonic YCPYC to the less frequent
YCPFC, but also to more exotic forms as GCCMS where
the active site sequence is hardly recognizable). Plant Grxs
have been purified from several sources (rice and spinach
mostly) [18,19]. The protein was found to possess activity in
the 2-hydroxyethyl disulfide (HED) reduction assay and also
in the more physiological dehydroascorbate (DHA) reduction
[18]. Quite recently, Grx has been cloned and overproduced
from poplar [20]. It has been shown to be very effective in the
DHA reduction, but also to be a good electron donor to a
new cytosolic peroxiredoxin (Prx) [21]. Quite interestingly,
Trx, Grx and Prx have been found in sicve tubes and the
phloem sap, sometimes in very large amounts, a property
that suggests a role in the long distance transmission of the
redox signal in plants [21-23]. One interesting feature of the
poplar Grx is that it is elongated both on the N- and
C-termini compared to the mammalian or bacterial Grxs
characterized so far. It is thus of interest to investigate the
biochemical reactivity of this type of protein in order to com-
pare those data with the ones obtained with shorter versions
of this protein in distant organisms. We describe in this paper
a series of mutations that help understand the importance of
the amino acids of the active site.

2. Materials and methods

2.1. Materials
Purified oligonucleotides, restriction enzymes, DNA polymerase
and ligase were either from Eurogentec or from Invitrogen. IPTG,
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Fig. 1. Reduction of HED by WT and mutated poplar Grxs. All ac-
tivities were measured at 30°C. After | min incubation of the sys-
tem, the reaction was initiated by addition of Grx.

NADPH, HED, DHA, reduced glutathione (GSH) and GR were
from Eurogentec, Boehringer, and Sigma. Chromatographic matrices
were from Pharmacia. Kinetic measurements were followed using a
Cary 50 spectrophotometer.

2.2. Plasmids and strains

The plasmid used for cloning and expression was pET-3d which
carries the resistance for ampicillin. When needed, an additional plas-
mid (pSBET, carrying a kanamycin resistance) [24] was used to co-
transform the expression strain E. coli BL21(DE3). The cloning strain
was E. coli DH5a.

2.3. Mutagenesis

Mutagenesis of the cloned cDNAs was effected by PCR. A strategy
similar to the one in [25] was employed, generating two overlapping
mutated fragments and in a second PCR reaction the full length
mutated sequence. The two ‘cloning’ oligonucleotides had the follow-
ing sequences (Ncol and BamHI restriction sites underlined): forward
5'-GGGCCATGGCTGGCAGCCCTGAAGCT-3'; reverse 5'-GGG-
GGGATCCTCATTCTAGTTTAAAGTCATC-3'.

The mutagenic oligonucleotides had the following sequences (muta-
genic bases in bold): YyA FOR 5'-ATCTTCTCCAAGTCTGCT-
TGCCCGTATTGT-3'; YA REV 5'-ACAATACGGGCAAGCA-
GACTTGGAGAAGAT-3'; Y3W-Y»P FOR 5-TCCAAGTCT-
TGGTGCCCGCCTTGT-3'; YsW-YP REV 5-ACAAGGCGGG-
CACCAAGACTTGGA-3’; CynS FOR 5'-TTCTCCAAGTCTTA-
TAGCCCGTATTGTAAGAAG-3'; Cy;S REV 5-CTTCTTACAA-
TACGGGCTATAAGACTTGGAGAA-3'; Y»P FOR 5'-TCTTA-
TTGCCCGCCTTGTAAGAAGGCT-3'; YyoP REV 5-AGCCTTC-
TTACAAGGCGGGCAATAAGA-3'; Y»F FOR 5-TATTGCC-
CGTTTTGTAAGAGG-3'; YpuF REV 5-CCTCTTACAAAACG-
GGCAATA-3'; C3S FOR 5'-TATTGCCCGTATTCTAAGAAGG-
CTAAA-3’; C3S REV 5-TTTAGCCTTCTTAGAATACGGGCAA-
TA-3'.

The template used was the construction pET-Grx3 [20]. After di-
gestion with Ncol and BamHI, the full length mutated fragments were
cloned into pET-3d. The mutations were verified by DNA sequencing
and the recombinant plasmids were used to transform the expression
strain and then ampicillin and kanamycin resistant clones selected.

2.4. Expression and purification of the recombinant proteins

The transformed E. coli cells were successively multiplied to a final
volume of ca. 5 1at 37°C. 100 uM IPTG was added in the exponential
phase and the bacteria harvested by centrifugation for 15 min at
5000X% g. The cells were resuspended in a TE buffer (Tris—=HCl 30
mM, pH 8.0, EDTA 1 mM) which also contained 14 mM B-mercap-
toethanol for the cysteinic mutants. All subsequent chromatographic
steps were effected in the same buffer. The recombinant proteins were
purified by ammonium sulfate fractionation (50-90%), Sephadex G50
gel filtration and DEAE Sephacel chromatography. The samples were
then concentrated and dialyzed by ultrafiltration in an Amicon cell
(Millipore) equipped with a YM 10 membrane under nitrogen pres-
sure. The proteins were stored by aliquots, frozen at —20°C at con-
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centrations of ca. 4 mg/ml. The yield was around 10 mg homogeneous
protein per liter culture.

2.5. Biochemical assays

The assays describing the reductions of HED and DHA were per-
formed as described in [20]. The Prx and NADP-MDH assays were as
in [21,26]. The preparations of recombinant Grx, Prx and NADP-
MDH have been described in [20,21,26].

The Prx reaction was effected in 500 pl cuvettes in the presence of
50 mM K-phosphate buffer, 150 uyM NADPH, 1 mM GSH, 0.5 U
GR, and 2.5 uM poplar Prx and Grx. The reaction was started by
adding 100 pM H;0; after 1 min of incubation at 30°C to permit the
reduction of the system. Activity was measured by following the ox-
idation of NADPH at 340 nm.

The activation medium for NADP-MDH (30 pl) had the following
composition: 50 mM Tris-HCI pH 8.0, 5 mM dithiothreitol (DTT),
0.8 pM recombinant sorghum NADP-MDH and 20 pM Grx or Trx
as indicated. After 20 min incubation at 20°C, an aliquot of 20 pl was
used to determine the activity at 30°C as described in [5].

The purity of the protein preparations was estimated by SDS-
PAGE as described by Laemmli [27].

3. Results

3.1. Efficiency of the mutated Grxs in the ‘classical’ HED and
DHA reduction tests

Fig. 1 shows the reactivity of the various mutants in the
reduction of the non-physiological substrate, HED. Replacing
Tyr 29 by a Phe residue had little effect on the activity, the
protein behaving essentially as the wild-type (WT) enzyme.
On the other hand, introducing a non-aromatic amino acid
instead of either of the Tyr of the active site depressed the Grx
activity (Y26A had a catalytic efficiency half the WT and the
replacement of Tyr 29 by Pro resulted in an inactive protein).
The C30S mutant retained 30% of the activity, but the C27S
protein was inactive.

Essentially similar results were obtained in the DHA reduc-
tion (Fig. 2). When Tyr 29 was replaced by Pro, the protein
was inactive and the replacement of Cys 27 by a serine like-
wise produced an inactive catalyst. Replacing Tyr 26 by an
Ala decreased the catalytic efficiency (ca. 20%). On the other
hand, the Y29F and C30S mutations produced better cata-
lysts. It is especially remarkable that the monocysteinic mu-
tant C30S which contains only Cys 27 is more efficient than
the WT protein (the activity is nearly doubled at every con-
centration tested).
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Fig. 2. Reduction of DHA by WT and mutated poplar Grxs. All
activities were measured at 30°C. After 1 min incubation of the sys-
tem, the reaction was initiated by addition of Grx.
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Fig. 3. Activity of Prx with WT and mutated Grxs. The activity is
expressed in % of the WT protein. 100% activity is 0.55 AOD/min.
Details of the reaction are given in Section 2.

3.2. Grx efficiency vs plant type C Prx

It has been demonstrated recently that type C Prx of plants
uses both Trx and Grx as proton donors [21]. It was thus of
interest to determine if the various mutants generated here are
able to sustain the catalytic activity of Prx in this newly de-
scribed reaction. Fig. 3 shows the results of those experiments.
The WT and Y29F mutant show similar activity. On the other
hand, replacing the two Tyr residues by non-aromatic side
chains decreased the catalytic efficiency. Finally, the C30S
mutant retains most of its catalytic efficiency and the C27S
protein is inactive.

3.3. Activation of NADP-MDH by mutated Grxs

Two of the mutations that we have engineered in this work
transform the Grx active site into a Trx-like active site
(YCPPC and WCPPC), It was expected that these mutations
should increase the reactivity of Grx vs the NADP-MDH, a
well characterized target enzyme of Trx. Fig. 4 shows the
reactivity of the various mutants with NADP-MDH. It is
interesting that the WT Grx is able to activate the enzyme
in the presence of DTT with reasonably good efficiency
(nearly half the capacity of the non-physiological Trx 4 at
the same concentration of 20 pM). All mutants tested showed
catalytic activity, but all mutations decreased the efficiency
except for Y26A. The two mutations that were intended to
mimic the Trx active site (Y29P and Y26W/Y29P) did not
improve the reactivity at all. Interestingly, both the C27S
and C30S mutants retained the capacity to activate the
NADP-MDH but their efficiencies were strongly reduced (to
ca. 25% of the WT).

4. Discussion

4.1. Mutations of the active site cysteines

In the Grx dependent reactions (HED and DHA reduction
and Prx activation), the mutation of Cys 27 leads to a virtu-
ally inactive enzyme. On the other hand, the mutation of Cys
30 into Ser had either a strongly negative effect (HED), a
mildly negative effect (Prx) or a positive effect (DHA). All
these data strongly suggest that Cys 27 is the primary nucle-
ophile of the reaction and that Cys 30 is the backup cysteine.
Similar results have been obtained with the E. coli and human
Grx or all Trxs where the catalytic cysteine is always located
on the N-terminus side [28-30]. It seems thus that the N- and
C-termini extensions of plant Grx do not alter that property.
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Additionally, these site-directed mutagenesis experiments in-
dicate that Grx can be quite efficient as a single cysteine cata-
lyst, confirming that it can act in the so-called monothiol
pathway [31]. Moreover, these experiments suggest that the
numerous natural monocysteinic versions of Grx that exist
in the databanks are almost certainly functional catalysts.

4.2. Importance of the aromatic residues of the active site

The replacement of the Tyr residue present between the two
catalytic cysteines by a proline leads to a drastic decline in
reactivity. It is clearly essential to keep an aromatic residue in
this position as the Y29F mutant is a very good catalyst in all
Grx dependent reactions tested. This Tyr residue has been
implicated as one of the ligands necessary for the fixation of
glutathione to E. coli Grx3 or T4 Grx [11,32]. On the other
hand, it is not necessary to have an aromatic residue in posi-
tion 26 (N-terminus to the catalytic cysteine) as the Y26A
mutant kept at least half of the reactivity of the WT protein.
This is very much in contrast with the case of Trx where the
removal of the Trp adjacent to the catalytic cysteine has a
very strong negative effect [6,33].

4.3. The NADP-MDH is activated by plant Grx and its
mutants

The NADP-MDH has been recognized as a target of Trxs
since a long time. The chloroplastic Trx f'is the most efficient,
followed by chloroplastic Trx m, and the cytosolic Trx A [34].
Mammalian Trxs are very poor reductants/activators of this
enzyme [35]. All Trxs which have been demonstrated as capa-
ble of activating this enzyme have either a WCGPC or a
WCPPC active site. By making the Y29P and Y26W/Y29P
mutations, we have engineered proteins with active sites that
have been transformed into YCPPC and WCPPC. It was thus
expected that these mutations could result in Grxs with better
reactivity vs the NADP-MDH. The results in Fig. 4 indicate
clearly that this is not the case as only the Y26A mutant has
an activity comparable to the WT protein and all other mu-
tations decrease the reactivity. It is surprising to observe that
WT Grx is able to induce the activation of the enzyme in the
presence of DTT (see Fig. 4). This activation is dependent on
the concentration of added Grx and on DTT (data not
shown). The WT poplar Grx is not as efficient as the cytosolic
Trx & but more efficient than the human Trx or the Trxs of
Dictyostelium discoideum [35,36]. We have checked that this
reactivity is not due to contaminating E. coli Trx in the re-
combinant Grx preparations. We have indeed quantitated the
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Fig. 4. Activity of NADP-MDH with WT and mutated Grxs. Activ-
ities are expressed in % of the WT Grx. 100% activity is 0.4A0D/
min. Experimental details are given in Section 2.
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contamination of those preparations by the NTR/DTNB sys-
tem and found that it could not exceed 0.3%. At a Grx con-
centration of 20 uM in Fig, 4, the E. coli Trx concentration is
thus lower than 60 nM, a value at which no detectable
NADP-MDH activation occurs [37]). This activation of
NADP-MDH by Grx is likely to be non-physiological since
GSH could not replace DTT, even in the presence of NADPH
and GR (data not shown). Three additional observations sup-
port the proposal that Grx is indeed not a physiological acti-
vator of NADP-MDH. First, it seems that there are no
chloroplastic sequences for Grx in protein databases. Second,
the redox potential of Grx (normally around —230 mV) is not
adequate with respect to the ones of the NADP-MDH disul-
fide bridges (—280 and =300 mV) for an efficient reaction to
take place [38]. Third, the fact that the C30S mutant keeps a
level of activity similar to the C27S mutant suggests that the
role of Grx in this reaction is non-catalytic. We propose thus
that Grx acts here in a non-catalytic way to modify the acces-
sibility of the active site to DTT which has the right redox
potential. Such a structural role has already been observed in
the case of the interaction between the T; DNA polymerase
and the E. coli Trx [39]. The results obtained with the C27S
mutant seem to support such a hypothesis since Cys 30 is
widely recognized as the non-catalytic one, a property also
verified in the other reactions described here.

4.4. Concluding remarks

Mutations similar to those described here have already been
performed either on E. coli Trx to transform it into a Grx or a
DsbA protein [40,41], or on DsbA to transform it into a Grx
or a Trx [42]. In most of these mutants, essentially physico-
chemical characteristics as pK, values and redox potentials
have been determined but few kinetic experiments have been
performed except in [40] where the creation of a CGHC site
has been shown to be accompanied by an increase in PDI-like
activity. In this study, nearly all the mutants that we have
generated are less active than the WT protein, in contrast to
initial expections. Transforming the Grx active site into a Trx-
like active site did not improve the reactivity with NADP-
MDH or Trx reductase (data not shown). Similarly to what
is described here, simulations of Trx or Grx-like active sites in
tryparedoxin 2 did not result in Trx or Grx-like activities [43].
Overall, these data strongly suggest that the structural deter-
minants for Trx or Grx reactivity go beyond the sequence of
the active site.

Nevertheless, the series of mutants generated here help to
understand the functioning of plant Grxs. The catalytic cys-
teine as well as the importance of an aromatic residue inside
the regulatory sequence and adjacent to the backup cysteine
have been uncovered. An additional interesting finding of this
study is the capacity of Grx to activate the NADP-MDH.
This enzyme has always been reputed as promiscuous as it
accepts many different Trxs as regulators, in contrast to fruc-
tose-1,6-biphosphatase that requires selectively Trx f. The
data presented here indicate that the DTT NADP-MDH ac-
tivation test should be used cautiously, as Grx is also active in
this process despite the fact that it probably does not act in a
catalytic way.
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Jusqu’a présent, la seule protéine cible connue des Grx de plantes est la Prx
de type Il (voir articles 11 et 12). Chez les bactéries notamment, un certain nombre
de protéines cibles incluant la PAPS réductase ou la RNR sont connues. La Grx de
peuplier est capable de servir de donneur d’électrons a ces deux enzymes d’E. coli
suggérant qu’elle pourrait jouer un rdle analogue pour la RNR de plantes par
exemple. Par contre, aucune séquence codant une PAPS réductase n’a été trouvée
chez les plantes supérieures et I'équivalent fonctionnel de cette enzyme est une APS
réductase, localisée dans les chloroplastes et qui possede un motif Grx en position
C-terminale. Par ailleurs, cet article montre que cette Grx a une fonction au moins
indirecte dans la réponse au stress oxydant en réduisant la Prx de type Il mais
gu’elle n’a pas la capacité de réduire directement les hydroperoxydes comme cela a
eté montré pour la Grx d’'Oryza sativa et la Grx 1 de S. cerevisiae. Cette situation est
d’autant plus surprenante qu’il existe chez O. sativa au moins trois isoformes de Prx
de type Il (n°® d’accession Genbank AAG40130, BAA82377, BAA90363) et chez S.
cerevisiae au moins 3 Gpx et 5 Prx capables de catalyser ces réactions (Carmel-
Harel & Storz, 2000).
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ABSTRACT

The presence of glutaredoxins in plants is now well recognized, but their functions and natural substrates re-
main largely unknown. Recently, a poplar glutaredoxin has been biochemically characterized and several mu-
tants have been engineered in order to explore its reactivity. This work focuses on some physiological func-
tions of the enzyme, According to our findings, the poplar glutaredoxin can serve as an electron donor to the
bacterial 3'-phosphoadenylylsulfate reductase as it supports both the catalysis by the enzyme in vifro and
complements a methionine auxotroph strain of Escherichia coli. In addition, poplar glutaredoxin is able to re-
duce the Escherichia coli ribonucleotide reductase 1a (ir vitro reduction of cytidine diphosphate). Although
this glutaredoxin is described as an electron donor to a phloem-located peroxiredoxin, whose function is to
detoxify hydroperoxides, we found that it does not directly reduce hydrogen peroxide or other alkyl hy-
droperoxides as described for yeast and rice glutaredoxins. However, the poplar glutaredoxin may be involved
in the response to oxidative stress as its overexpression in Escherichia coli resulted in a higher resistance to-
ward hydrogen peroxide, menadione, and tert-butyl hydroperoxide. Antioxid. Redox Signal. 5, 15-22.

INTRODUCTION

THE THIOL REDOX STATUS OF THE CYTOSOL is maintained by
the thioredoxin (Trx) and the glutathione/glutaredoxin
(GSH/Grx) systems. Trx and Grx are small (~10-12 kDa),
heat-stable disulfide oxidoreductases, with the conserved ac-
tive site CXXC [typically CP(Y/F)C for Grx and WC(G/P)PC
for Trx] (18, 19). These two proteins are constituted by a char-
acteristic succession of B strands and « helices, the 3 strands
being organized into a central pleated 3 sheet surrounded by o
helices, the whole folding pattern known as the Trx/Grx fold.
Initial reducing equivalents for both systems are provided by
NADPH. In the Trx system, NADPH reduces Trx reductase,
which then reduces Trx. Trx reductase is replaced by glu-
tathione reductase and GSH in the Grx system. Grxs can re-

duce disulfides with a dithiol mechanism using both their
active-site cysteine residues (33). An example is the reduction
of the disulfide of the Escherichia coli ribonucleotide reduc-
tase la (E. coli RNR1a), which forms when the enzyme re-
duces ribonucleotides to deoxyribonucleotides under aerobic
conditions (1). However, Grxs can utilize a monothiol mecha-
nism for the reduction of mixed disulfides between proteins
and GSH (protein-S-SG substrates) (26, 33).

Trx and Grx species can reduce both RNR and 3’-phospho-
adenylylsulfate (PAPS) via PAPS reductase (23, 33, 43).
Other substrates include a plasma glutathione reductase and a
poplar type II peroxiredoxin (6, 36). Monothiol Grxs contain-
ing only one active-site cysteine are natural catalysts for the
deglutathionylation of protein-S-SG substrates and may be
specific for the assembly of iron sulfur enzymes (34, 40, 43).
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Sulfhydryls of cysteine residues are particularly exposed to
reactive oxygen species (ROS) such as hydrogen peroxide
(H,0,) or superoxide anions, which are formed during nor-
mal aerobic growth or during oxidative stress (14). Formation
of intermolecular disulfides or overoxidation of thiols to
sulfenic, sulfinic or sulfonic acids can occur and thus lead to
loss of enzymatic activity, aging, pathological disease, and
cell death (3, 12). To challenge the overoxidation of thiols,
cells possess a large battery of antioxidant enzymes, in which
Trx and Grx play key roles. For example, Trx and/or Grx can
reduce peroxiredoxins, non-heme peroxidases that catalyze
the reduction of hydroperoxides (8, 36). Trx and Grx are also
able to reduce protein-S-SG substrates forming under condi-
tions of oxidative stress (9, 20).

Analysis of the transcriptional regulation and overexpres-
sion/deletion of different Trx and Grx isoforms under condi-
tions of hydroperoxide stress has highlighted specific roles
for particular genes (7, 13, 16, 24, 31). Two recent studies
demonstrate that yeast Grx1 and a Grx from rice are able to
reduce directly different alkyl hydroperoxides into alcohol, a
reaction generally catalyzed by peroxidases (10, 22).

Whereas there are at least three “classical” dithiol Grxs in E.
coli (CPYC active site), in yeast there are two of these proteins
and three atypical ones with one active site cysteine (33, 34,
43). Apparently, there are only two classical Grxs in human (15,
25). In the genome of Arabidopsis thaliana, there are at least
four classical Grxs and many other Grx-like proteins, but these
proteins were not bjochemically characterized and thus the un-
derstanding of the functions of Grxs in plants is not as advanced
as in bacteria, yeast, or mammalian cells. The first plant Grxs
were identified in spinach leaves, in the phloem sap of castor
bean, and in the aleurone layer of rice (28, 29, 42). Until re-
cently, the substrates of plant Grxs were unknown, whereas the
range of substrates for bacterial Grxs includes redox-sensitive
transcription factors (2, 11, 41). Plant Grxs possess dehy-
droascorbate reductjon activity, and the Grx from poplar was
demonstrated to be an efficient electron donor for a peroxire-
doxin involved in the reduction of hydroperoxides (28, 35).

In this work, we describe the capacity for the poplar Grx to
reduce E. coli RNR1a and PAPS reductase and to restore the
growth of methionine auxotroph strains of E. coli, suggesting
that plant Grxs can perform functions similar to those de-
scribed in other organisms. Moreover, the involvement of the
poplar Grx in the resistance to ROS was investigated by over-
expressing the gene in an E. co/i BL21(DE3) strain submitted
to oxidative stress and by measuring the glutathione peroxi-
dase activity of this Grx.

MATERIALS AND METHODS

Chemicals and reagents

NADPH was obtained from Bochringer Mannheim (Ger-
many). Diamide, H,0,, tert-butyl hydroperoxide, menadione,
dithiothreitol (DTT), glutathione reductase, and GSH were
from Sigma (St. Louis, MO, US.A.). Isopropyl (B-D-
thiogalactoside (IPTG), kanamycin, and ampicillin were from
Euromedex (France). All the recombinant Grx were purified
as described (35).

ROUHIER ET AL.

Cloning in pBAD and E. coli mutant
strains complementation

A fragment encoding the poplar Grx was inserted between
the restriction sites Neol and Xhol of the plasmid pBADHisMyc
and called pBAD Grx. This plasmid was used to transform the
E. coli strains DHB4 trxA- grxA-, DHB4 gor— trxA-, and
DHB4 grxd-grxB-grxC- (32, 44). The same strains trans-
formed with the plasmid without insert were used as controls.
Transformed strains were grown on M9 medium, supplied with
Leu, Ile, and Met (50 pg/ml) and ampicillin (100 pg/ml). Sin-
gle colonies were streaked on the same medium lacking Met
but supplied with 0.2% arabinose and kept at 37°C for 48 h.

Reduction of cytidine diphosphate (CDP)
by E. coli RNR

Reduction of CDP by E. coli RNR1a was performed es-
sentially as described (17). Reducing power was provided by
4 mM GSH, 1 mM NADPH, and 6 pg/ml yeast glutathione re-
ductase. All assays were performed in a total volume of
120 pl. The catalytic rates reported represent the mean value
of two independent measurements + 1 SE.

E. coli PAPS reductase activity measurement

PAPS reductase activity was measured as described (23)
by following the formation of [*8] SO,2- from [35S]PAPS.
The reaction mixture contained 100 mM Tris-HCl, pH 8.0,
3.3 nM PAPS reductase, 10 mM Na,80,, 60—100 pM
[35S]PAPS (specific radioactivity: 1,700 Bq/nmol), and vari-
ous amounts (0.5-70 pM) of the wild-type (WT) poplar Grx
and of an active-site mutant Grx Y29P, mimicking the active
site of some plant Trxs. The Grxs were kept reduced by 5 mM
GSH and 5 mM DTT.

In vitro peroxidase activity of Grx

The peroxidase activity of poplar Grx was followed using
two different spectrophotometric measurements with a Cary
50 spectrophotometer. Firstly, the consumption of H,0, was
evaluated in a coupled reaction by following the oxidation of
NADPH at 340 nm in the presence of the GSH/Grx system at
30°C. A reaction mixture of 500 ul contained 50 mM Tris-
HCI, pH 8.0, 2 mM EDTA, 150 uM NADPH, 300 uM GSH,
0.5 units of yeast glutathione reductase, and various concen-
trations of either WT Grx or of the two monocysteinic mutants
C278 and C308S. It was incubated for 1 min before the reaction
was started by addition of 250 uM H,0,. In the second test, the
measurement of H,O, consumption was estimated using the
Peroxoquant Quantitative Peroxide Assay from Pierce. A
50 pL reaction mixture comprising 30 mM Tris-HC], pH 8.0,
500 pM DTT, 500 pM H,0,, and various Grx concentrations
(1-50 pd) was incubated for 4-10 min at ambient tempera-
ture. An aliquot of 5 il was then added to the working reagent,
and the absorbancy was measured 20 min later at 560 nm.

Resistance of a Grx overexpressing E. coli
strain to oxidants

The E. coli strain BL21(DE3), transformed with the
helper plasmid pSBET, was cotransformed with the different
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recombinant pET plasmids (37). Single colonies, overex-
pressing the recombinant proteins, were streaked on Luria
Bertani agar plates in the presence of 50 pg/ml ampicillin and
kanamycin, 100 pM IPTG, and various concentrations of the
oxidants. The cells were allowed to grow for 48 h at 37°C.

RESULTS
Sequence analysis

Grxs are ubiquitous proteins with a highly conserved struc-
tural fold, but the amino acid sequences are very divergent in
different organisms. Phylogenetic analyses demonstrate that
the plant Grx studied here belongs to the plant group, itself re-
lated to yeast and fungal Grxs (Fig. 1). The dendrogram shows
clearly that those two groups are separated from the archae,

Oryza
sativa

Fungi

Neurospora crassa

Saccharomyces
cerevisiae Grx2

Saccharomyces
cerevisiae Grx1

Sus scrofa

Bos taurus

Homo sapiens Grx1
Mammalian

Archaeoglobus fulgidus

Archae

Methanosarcina mazei

FIG. 1. Dendrogram showing the amino acid sequence relationship between Grxs of different kingdoms. The sequences
were aligned with the clustalw software, and the tree was constructed using the Phylip program. Genbank accession numbers are
as follows: NP-009895: Saccharomyces cerevisiae Grx1; NP-010801: Saccharomyces cerevisiae Grx2; NP-010383: Saccha-
romyces cerevisiae Grx3; NP-011101: Saccharomyces cerevisiae Grx4; NP-015266: Saccharomyces cerevisiae GrxS5;
BAA20071: Oryza sativa; T12219: Mesembryanthemum crystallinum; AAL90750: Populus trichocarpa; NP-197550: Arabidop-
sis thaliana; S54825: Ricinus communis; GDBO: Bos taurus; NP-415370: Escherichia coli; NP-002055: Homo sapiens; GDPG:
Sus scrofa; 164127: Haemophilus influenzae; NP-459849: Salmonella typhimurium; P-635295: Methanosarcina mazei; NP-

Plants

Ricinus
communis crystallinum

Salmonella
typhimurium Gy

17

the eubacteria, and the mammalian ones. A sixth group is con-
stituted by the 1-Cys Grx, well characterized in yeast. A com-
parison of selected Grxs relevant to this work is shown in
Fig. 2. The closest protein is the arabidopsis Grxs (66% iden-
tity), followed distantly by rice and yeast Grx1 (39% identity).
The E. coli Grx1 and human Grx1 exhibit only 30 and 29%
identity, respectively. All these sequences possess a classical
active site CP(F/Y)C and the amino acid motif involved with
GSH binding (TVPX,GG). Nevertheless, the arabidopsis
and the poplar Grxs are a bit elongated as they present an N-
terminal extension of ~25 amino acids, whose function is un-
known and dispensible (37).

Reduction of E. coli RNR1a

In order to explore the physiological functions of the plant
Grxs, the poplar Grx was tested as a potential reductant for E.
coli RNR1a, one of the three potential RNR of E. coli. In this
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Is

1




Résultats chapitre I : Les systémes réducteurs

18

ROUHIERET AL.

Populus trichocarpa
Arabidopsis thaoliona

Oryzo sativa =00 e
Soccharomyces cerevisiae
Homo sopiens Grxl = o—eeemeememe -

Escharichia coli Grxl

Fopulus trichocarpa Sy
Arabigopsis thaliana SY
Oryza sativa &

Saccharomyces cerevisioe TY¥
Homo sapiens Grxl
Escherichia coli Grxl

Poputus trichocorpa
Arabidopsis thaliano
Oeyza sativa |
Saccharomyces cerevisioe
Homo sapiens Grxd i
Escherichia coli Grxl

MATRIRLPSILATAVTLTVLAASL TWAAGSPEATFYKKTISSHQIVIFSK
HTMFRSTSMYMLLVALVTF ISWVSSAAS SPEADFVKKTISSHKIVIFSK
SO —— MAL AKAKE TVASAPYVVYSK
................ - mmm e m o~ -MVSQETTKHVKDL TAENE TFVASK
----- == e - MAREFYNCKTQPGEVVVF IK

RVKKL FGQLGATFK - - - - ATEL DGESOGSE L QSALAENTGO- -
HAALNTL FEKLKVPRSKYLVLQLNDMKEGADTQAAL YEINGQ- -

FIG. 2. Alignment of Grx amino acid sequences, Genbank accession numbers are given in Fig. 1. The yeast sequence is Grx1.
The active site and the amino acids involved in the binding of glutathione are shaded.

organism, Trx1 and particularly Grx1 seem to be the best hy-
drogen donors for this enzyme (17, 30). E. coli Grx1 served
as the positive control. Because of the low K of RNR1a for
Grx1 (0.13 pM), the reduction of CDP reached a plateau at a
concentration of Grx1 at 1 uM (Fig. 3). In comparison, the
saturation for the CDP reduction using poplar Grx was not
reached even at a 5 pM concentration of enzyme, demonstrat-
ing a poor activity with RNR1a. Nevertheless, the activity re-
corded is clearly above the background lacking Grx.

L bt

FIG. 3. CDP reduction by Escherichia coli RNR. The re-
duction of CDP by E. coli RNR1a was tested in the presence of
the GSH system and various concentrations of E. coli Grxl
(closed diamonds) or poplar Grx (open circles). The values are
the results of two measurements, and the background activity
minus Grx was subtracted.

Poplar Grx is an in vitro and in vivo electron
donor to E. coli PAPS reductase

Another enzyme that requires Grx for its reduction is
PAPS reductase. The capacity of the poplar Grx to serve as an
electron donor for this enzyme was investigated in two differ-
ent ways. First, three E. coli strains defective in the Trx and/or
Grx systems, unable to grow on minimal medium without
Met as a source of sulfate, were functionally complemented
with the poplar Grx (Fig. 4). The complementation of all the
strains with the plasmid pBAD Grx rescued the growth on
minimal medium, whereas the plasmid without insert did not.
The observation that the gor— mutants can be complemented
by Grx is related to their unexpected high content of GSH
(44). This suggests that the poplar Grx can reduce PAPS re-
ductase, the key thiol-dependent enzyme involved in sulfate
assimilation in bacteria.

To confirm a direct interaction between these two partners,
an in vitro assay with E. coli PAPS reductase was realized
(Fig. 5). The Michaelis constants for the reactions utilizing
WT Grx and a Y29P mutant that mimics Trx are shown in
Table 1. The K values of the E. coli PAPS reductase for the
WT poplar Grx and the Y29P mutant (57.0 and 43.2 uM, re-
spectively) are higher than those for E. coli Grx1 (14.9 uM),
one of the three potential reductants of this enzyme along
with Trx1 and Trx2. The rate of sulfite formation is a bit
higher for the WT poplar Grx (9.6 pmol/mg/min) than for the
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FIG.4. Growth of DHB4trxA-grx4-, DHB4gor-trxA-, and DHB4gor-grxA-B-C- transformed with pBAD Grx on M9
minimal plates. E. coli strains DHB4#rx4 -grx4 - (A), DHB4gor-irxA- (B), and DHB4gor-grxA2B2C- (C) were transformed
with plasmids pBAD Grx (left) and pBADHisMyc (right) and grown on M9 medium lacking Met as described in Materials and

Methods.

E coli Grx1 (5.1 pmol/mg/min) and for the Y29P mutant
(2.6 ymol/mg/min). Finally, the catalytic efficiency of E. coli
Grx1 is superior to the two poplar Grxs.

Antioxidative properties of poplar Grx

Yeast Grx1 and a Grx from rice have glutathione peroxi-
dase activity toward H,0, and other alkyl hydroperoxides
(10, 22). The ability of the poplar Grx and of the C30S mutant
to reduce H,0,and fert-butyl hydroperoxide was investigated
by following the oxidation of NADPH in the presence of the
glutathione/glutathione reductase system. At 300 pM GSH, a
slight reduction of H,0, was observed, but there was no fur-
ther enhancement by adding Grx at concentrations ranging
from 1 to 100 pM (data not shown). To confirm that the
poplar Grx was active, type Il poplar peroxiredoxin was

i i

L
g th 20 M A

FIG. 5. WT and Y29P mutant of poplar Grx as electron
donors for PAPS reductase in vitro. Michaelis-Menten and
Lineweaver—Burk (inset) plots of ¥ versus [Grx] are shown.
The measurements were done as described in the Materials and
Methods. Each point is derived from duplicates of three inde-
pendent experiments, The kinetic constants were calculated
using both nonlinear and linear curve fitting of the data sets.

TaBLE 1. KINETIC CONSTANTS FOR Grx IN THE PAPS Reduction
Vmax Kcat Km~1
K, (uM) (umol/mg/min) (M-15-1)
Poplar WT 57.0 9.6 842 X 104
Poplar Y29P 43.2 2.6 3.01 X104
E. coli Grx1 14.9 5.1 1.71 X 105

added directly to the reaction medium, resulting in a con-
sumption of NADPH as described (36). The direct reduction
of H,0, by glutathione could be bypassed in a second assay
where DTT is the reductant and the consumption of H,0,is
measured directly by a colorimetric assay. Varying the con-
centration of Grx from 1 to 50 pM did not promote any reduc-
tion of H,0,¢ither (data not shown).

As a conclusion, poplar Grx is not directly involved in the
reduction of H,0, and other alkyl hydroperoxides. The hy-
pothesis of an indirect effect was investigated by testing the
resistance of the E. coli strain BL21(DE3) transformed with
pET-3d encoding WT Grx and mutants C27S and C30S, in
the presence of various oxidants. Transformants with pET-3d
Grx grew well in the presence of 1 mM H,0,, 250 pM tert-
butyl hydroperoxide, and 500 uM menadione, whereas trans-
formants bearing the control plasmid (pET-3d) or pET-3d Grx
C278 did not grow (Fig. €). Resistance of BL21(DE3)-pET-
3d Grx C30S and BL21(DE3)-pET-3d WT Grx was similar
for H,0,, but not for tert-butyl hydroperoxide or menadione.
Therefore, poplar Grx can act as a monothiol protein in re-
sponse to H,0,, but only as a dithiol protein in response to
tert-butyl hydroperoxide and menadione.

DISCUSSION

Poplar Grx reduces E. coli RNR1a, but at very low rate
compared with E. coli Grx1, the preferential hydrogen donor.
This low activity of the poplar Grx is not unexpected, because
Grxs are species-specific for the reduction of RNR (27). Al-
though the activity obtained with the poplar Grx is low, it
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FIG. 6. Growth of Escherichia coli BL21(DE3) overexpressing poplar Grx on Luria Bertani plates in the presence of ox-
idants. Upper left;: pET-3d alone; upper right: pET-3d Grx, lower left: pET-3d Grx C27S; lower right: pET-3d Grx C30S.
(A) 1 mM H,0, treatment. (B) 250 pM tert-butyl hydroperoxide. (C) 500 uM menadione.

suggests a similar role for this protein in plants. It would thus
be of interest to test this Grx and other similar proteins from
poplar in a homologous system together with the RNR of the
same source. Actually, only few biochemical data are avail-
able about plant RNR, The only enzyme biochemically char-
acterized is a type 1a RNR from Arabidopsis thaliana, which
E. coli Trx and two different cytosolic Trxs from Arabidopsis
thaliana could reduce. No Grx was tested, however, in these
assays (38).

The assimilation of inorganic sulfate into sulfide in many
bacteria, including E. coli, occurs via a PAPS reductase (23).
Recently, a diverse group of sulfate-assimilating bacteria was
shown to use 5’'-adenylylsulfate (APS) instead of PAPS as a
substrate for sulfate assimilation in a pathway analogous to
higher plants (5). The E. coli PAPS reductase was shown to
accept electrons provided by Trx1, Trx2, and Grx1, but not by
Grx2 and Grx3, suggesting that there is a specificity between
the different Grxs and the PAPS reductase in E. coli (23). The
poplar Grx was shown here to reduce the PAPS reductase in
vitro with a lower catalytic efficiency than E. coli Grx1. As
sulfate assimilation is believed to occur mainly through APS
reduction in plants, the physiological significance of this
finding needs to be carefully evaluated. As discussed earlier,
APS reductases possess, in addition to the domain homolo-
gous to the bacterial PAPS reductase, a C-terminal domain
possessing a Grx activity (4). In vitro, GSH is an efficient hy-
drogen donor to APS reductase, suggesting that it reduces the
Grx domain, which in turn reduces the APS reductase moiety.
Nevertheless, the earlier purification of a PAPS-dependent
reductase from spinach, together with the discovery of an al-
ternative PAPS gene in knockout APS reductase mutants of
Physcomitrella patens, raises the possibility of the existence
of an alternative PAPS-dependent pathway in higher plants
(21, 39). In this context, the capacity of the poplar Grx to re-
duce plant PAPS reductase could indeed be of physiological
importance. The capacity for the poplar Grx to reduce the E.
coli PAPS reductase was confirmed by complementation of
three methionine auxotroph E. coli strains deficient in the Trx
and Grx pathways, The introduction of the poplar Grx gene
restored the growth of each strain in the absence of methio-
nine, confirming that the poplar Grx is indeed able to serve as
an electron donor to the PAPS reductase in vivo.

We investigated the antioxidative properties of poplar Grx
as many studies have demonstrated the involvement of Grxs
in the response to oxidative stress. Overexpression of the
genes encoding Grx1 and Grx2 in yeast leads to increased re-
sistance to H,0, and menadione, whereas mutant strains lack-
ing these genes were sensitive to H,O, and the superoxide
anion forming upon menadione treatment (24). In E. coli,
lack of Grx activity has been related to increased carbonyla-
tion of intracellular proteins and sensitivity to H,0, (17).
Yeast Grx1 and a rice Grx possess a high in vitro glutathione
peroxidase activity (10, 22). This finding was unexpected for
yeast as the organism has at least three phospholipid hy-
droperoxide reductases and five thiol peroxidases (7). We did
not detect such an activity for poplar Grx in vitro, but its over-
expression in E. coli increased resistance to H,0,, fert-butyl
hydroperoxide, and menadione, suggesting an indirect role
for this Grx. Poplar Grx is a good electron donor to a poplar
type 11 peroxiredoxin and is also able to reduce dehydroascor-
bate into ascorbate, which is a common antioxidant found in
many organisms and a reductant of ascorbate peroxidases
(36). Whether poplar Grx is able to reduce the E. coli alkyl
hydroperoxide reductases, periplasmic thiol peroxidase, or
bacterio-comigratory protein is not known. Other potential
roles for Grx are protein glutathiolation processes or reduc-
tion/oxidation of the transcription factor OxyR, which or-
chestrates the transcription of many antioxidant proteins in
E. coli (7).

Perspectives

Based on the data obtained in other organisms, plant Grxs
could be involved in the reduction of selected target enzymes,
transcription factors, or alternatively in the regulation of sev-
eral proteins by reversible glutathionylation. These functions
are not yet documented in plants. The possibility of regula-
tion of transcriptional factor activity by Grx provides a means
for the involvement of these proteins in the transduction of
cellular signals or in the phenomenon of glutathionylation,
very important in the response to oxidative stress. Interest-
ingly, it is also likely that Grxs could participate in the long-
distance signal transduction in plants, because they have been
reported as one of the major protein species of the phloem
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sap together with Trx (42). Given the sensitivity of this tissue
to pathogen attacks, it will be of interest to test whether Grx
and Trx are also involved in pathogen-resistance mechanisms.
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ABBREVIATIONS

APS, 5'-adenylylsulfate; CDP, cytidine diphosphate; DTT,
dithiothreitol; Grx, glutaredoxin; GSH, reduced glutathione;
H,0,, hydrogen peroxide; IPTG, isopropylB-p-thiogalactopy-
ranoside; PAPS, 3’-phosphoadenylylsulfate; RNR, ribonu-
cleotide reductase; ROS, reactive oxygen species; Trx, thiore-
doxin; WT, wild type.
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Les seules structures tridimensionnelles de Grx connues pour linstant sont 4
protéines d’E. coli, 3 Grx bicystéiniques et une protéine homologue NrdH, une Grx du
phage T., et enfin les Grx porcine et humaine. Ces structures ont été résolues soit par
RMN soit par cristallographie. Différentes conditions ont été testées pour la Grx de
peuplier, mais ni la protéine sauvage ni aucun des mutants du site actif sous forme réduite
ou oxydée n’ont cristallisé correctement. Finalement, la solution a été de fixer du GSH de
maniére covalente sur le mutant de la deuxieme cystéine du site actif, Grx C30S. Ensuite,
une fois les conditions de cristallisation connues, la protéine mutante a été exprimée dans
une souche d’E. coli auxotrophe pour la méthionine, sur milieu minimum et en présence
de sélénométhionine. En effet, la faible identité de séquence entre la Grx de peuplier et les
Grx de structure connue imposait d’avoir recours au marquage par la sélénométhionine
puisque la méthode de remplacement moléculaire n’a pas permis de résoudre la structure.
L’incorporation de la sélénométhionine de maniere homogene dans toutes les molécules a
été vérifiée par spectrométrie de masse en mode électrospray (augmentation de masse de
47.1 Da). Les cristaux obtenus diffractent & 1.73A, permettant de déterminer la premiére
structure 3D de Grx de plantes. La description de cette structure fera I'objet d’'un article

séparé.
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Crystallization and preliminary X-ray studies of the
glutaredoxin from poplar in complex with

glutathione

A monocysteinic mutant of poplar glutaredoxin (C30S) has been
overproduced and purified. The protein has been crystallized in

Received 18 December 2002
Accepted 24 March 2003

complex with glutathione using the hanging-drop vapour-diffusion
technique in the presence of PEG 4000 as a precipitating agent. A
native data set was collected at 1.55 A resolution. The crystals belong
to space group P2,2,2,, with unit-cell parameters a = 45.9, b = 49.2,
c=105.1A. Isomorphous crystals of a selenomethionine derivative
were grown under the same conditions. Three data sets were collected
at 173 A using the FIP synchrotron beamline at the ESRE The
positions of the Se atoms were determined and model rebuilding and

refinement are in progress.

1. Introduction

Glutaredoxins (GRXs), also called thiol-
transferases, are low-molecular-weight
proteins (generally between 80 and 100 amino
acids) which belong to the protein disulfide
oxidoreductase class. The major function of
proteins of this class is to selectively reduce
disulfide bridges on other proteins (gluta-
redoxin or thioredoxin) or alternatively to
oxidize close cysteine residues in order to
create new disulfide bridges (protein disulfide
isomerase) (Holmgren, 2000). These reactions
are needed either for the regulation of enzy-
matic activities or for protein folding in cells.
The best known member of this class is thio-
redoxin (TRX), also a small protein (typically
~110 amino acids), for which numerous
structural models are available. One of the
major differences between TRXs and GRXs is
their mode of reduction. In plants, depending
on its subcellular compartmentation, TRX is
reduced either by the photosynthetic electron
flow via ferredoxin and an iron-sulfur protein,
ferredoxin thioredoxin reductase (chloroplast
system), or by NADPH and a flavoenzyme,
NADPH thioredoxin reductase (cytosolic and
mitochondrial systems) (Meyer et al., 1999). In
contrast, GRX is reduced by glutathione,
which is itself kept reduced by NADPH and
the flavoenzyme glutathione reductase.
Another difference relates to the active-site
sequence, which is generally YCPYC in GRX
rather than the usual WCGPC of TRX. The
redox potentials of the disulfide bridge of the
GRXs characterized so far are generally more
positive by ~50mV than those of TRXs
(Aslund et al., 1997; Prinz et al., 1997). As a
consequence, GRXs are considered to be
weaker reductants than TRXs. Furthermore,
GRX is able to function as a monocysteinic

enzyme, while TRX is inactive in this config-
uration (Yang et al., 1998).

Several three-dimensional structures of
GRXs are currently available, but proteins
from only four sources have been studied so
far: the Escherichia coli, bacteriophage Ty, pig
and human enzymes. All available structures of
the E. coli GRXs have been solved by NMR
[PDB codes lgfn (Berardi & Bushweller,
1999), lgrx (Bushweller et al, 1992), legr
(Sodano et al., 1991) and lego (Xia et al., 1992)
for Grx 1, 1g70 (Xia et al., 2001) for Grx2 and
3grx (Nordstrand et al, 1999) and Ifov
(Nordstrand et al, 2000) for Grx3]. NMR
structures are also available for T, GRX (1del
and 1de2; Wang & Wishart, unpublished
results) and human GRX [1bd4q (Yang et al,
1998) and 1jhb (Sun et al, 1998)]. Only four
X-ray structures are currently available, one of
E. coli Nrdh, a GRX homologue of only 81
amino acids (1h7S; Stehr et al., 2001), two of
the T, GRX (laaz and laba; Eklund et al,
1992) and one of the pig enzyme (lkte; Katti et
al., 1995). All models show a similar sequence
of secondary elements. The active site is
consistently situated at the beginning of the
first o-helix. In all sequences, the amino acids
responsible for the binding of glutathione are
conserved. When the GRX models are
compared with those of TRX, it is apparent
that the short GRXs lack the first S-strand and
a-helix found at the N-terminus of TRX, but
that the two proteins share the same overall
fold, named the TRX fold.

The poplar GRX studied here is an inter-
esting model both biologically and structurally.
It possesses only a low sequence identity with
the GRX for which a three-dimensional
structure is currently available; next to the
unusually long Grx2, it is the longest GRX
isolated so far (112 amino acids; the next
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longest is the mammalian type with 106
residues; Rouhier et al, 2002). This is the
first GRX from a plant that has been crys-
tallized so far and the first X-ray structure of
a GRX in complex with glutathione. Inter-
estingly, this protein has been demonstrated
to be an efficient donor to a peroxiredoxin,
an enzyme which is able to selectively
remove various hydroperoxides (Rouhier ef
al., 2001, 2002b). This property has not been
reported in other species so far; the various
peroxiredoxins studied instead use TRX as
an electron donor. It is thus of great interest
to study the molecular interaction between
the two proteins in this unique system. We
have recently reported the crystallization
and preliminary X-ray data of the peroxi-
redoxin component (Echalier et al, 2002).
This paper reports parallel work on GRX,
the other partner in this model protein-
protein interaction.

2. Material and methods
2.1. Cloning, expression and purification

The cloning, expression and purification
of wild-type and C30S mutant poplar GRX
has been described in Rouhier et al. (2002,
20024a). Typically, 100 mg of homogeneous
protein was obtained and was stored frozen
in 1ml aliquots in 30mM Tris-HCl
containing 1mM EDTA and 14mM
B-mercaptoethanol at a concentration of
15mgml~ at 252K. The purity of the
fractions was monitored by SDS-PAGE.

For the production of the seleno-
methjone-substituted GRX, a special strain
deficient  in methionine synthesis
[BL21(DE3)Met™] was cotransformed by
pET-Grx and pSBET. One ampicillin- and
kanamycin-resistant colony was amplified to
11in M9 medium supplemented with all 19
regular amino acids and selenomethionine
each at 50mgml~’. When the culture
reached the exponential stage, protein
synthesis was induced by the addition of
100 pM IPTG. The subsequent purification
procedure was identical to that for the
native protein. Selenomethionine substitu-
tion was checked by electrospray mass-
spectrometry analysis. A mass increase of
47.1 Da was observed compared with the
native protein, as expected from the
presence of one SeMet residue per molecule.

2.2. Site-directed mutagenesis and
preparation of the mixed glutaredoxin-
glutathione complex

In order to isolate a stable mixed disulfide
intermediate between GRX and glutathione,
the second active-site cysteine has been

Table 1

Statistics of the X-ray diffraction data for the SeMet GRX crystals.

Values in parentheses refer to the highest resolution shell.

Peak Edge Remote
Wavelength (‘A) 0.9802 0.9804 0.9724
Resolution (A) 173 (1L.77-1.73) 173 (1.77-1.73) 173 (1.77-1.73)
Observed reflections 143400 167434 169462
Unique reflections 46336 46285 46954
Completeness (%} 96.1 (92.0) 96.4 (89.6) 97.9 (93.0)
Multiplicity 3.09 3.62 3.61
Ry (%) 4.1(13.3) 4.0 (19.8) 4.7 (36.6)
To(D) 182 (3.4) 17.0 (2.3) 13.7 (2.0)
Mean figure of merit before solvent flattening 0.386
Mean figure of merit after solvent flattening 0.899

replaced by Ser using the PCR strategy
described in Rouhier et al. (2002a). The
C30S mutated protein (40 mg mi™") was
mixed with an equal volume of 100 mM
phosphate buffer containing 1 mM EDTA at
pH 80. The sample was reduced with
100 mM DTT for 15 min at 277 K. Gluta-
thione disulfide (GSSG) was subsequently
added to a concentration of 500 mM. After
30 min incubation at 277 K, excess GSSG
was removed by gel filtration using a
Sephadex G25 column pre-equilibrated with
50mM phosphate buffer pH 6.0. The
concentration was determined by UV
absorption at 276 nm, using a molar extinc-
tion coefficient of 4350 M™" em™.

2.3. Crystallization

Crystallization experiments were carried
out using the hanging-drop vapour-diffusion
method (McPherson, 1999). The search for
initial  crystallization  conditions  was
performed using Hampton Research Crystal
Screen kits I and II (Jancarik & Kim, 1991;
Cudney et al, 1994) and Clear Strategy
Screens (Molecular Dimensions Ltd). The
wells contained 800 pl of precipitant solu-
tion and the drops were composed of 2 pl of
reservoir solution and 2 pl of protein solu-
tion at various concentrations. The most
promising crystallization conditions were
refined by variation of protein or precipitant
concentrations, pH or the ratio of protein to
reservoir in the droplet. Finally, the best
crystals were obtained at a protein concen-
tration of 6.5mgm!™' from a solution
containing 28% PEG 4000 and 02 M
(NH,4),;SO, at 285 K.

2.4. Data collection

X-ray diffraction experiments were
carried out at 100 K. Since the crystallization
solution was suitable to provide cryo-
protection, the crystals were quickly washed
in the reservoir solution and immediately
flash-frozen in a nitrogen-gas stream at
100 K. The data sets for the native protein or

for the selenomethionyl derivative were
collected on beamline BM30A (FIP; Roth et
al, 2002) at the ESRF, using a MAR
Research 345 image-plate detector. For the
latter data set, three wavelengths were
chosen from the fluorescence spectrum
corresponding to the peak, inflection point
and high-energy remote. The data were
processed using DENZQO and scaled with
SCALEPACK (Otwinowski & Minor,
1997). Statistics of the data are presented in
Table 1.

3. Results and discussion

In our hands, crystallization trials using
standard procedures failed to produce crys-
tals from the wild-type protein or for several
variants of the active site. However, the use
of a monocysteinic mutant (C30S) allowed
us to obtain a stable mixed disulfide complex
(C30S-glutathione) that crystallized within
1d under the conditions described above
(Fig. 1). Crystals belong to space group
P2,242;, with unit-cell parameters a = 45.7,
b = 49.09, c = 104.81 A (Table 2). A native
data set was collected at 1.55 A resolution.
Molecular-replacement trials using the
program AMoRe and performed using the

Figure 1
Crystals of C30S GRX in complex with glutathione
(approximate dimensions 0.5 x 0.1 x 0.02 mm).
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0
0.006/ 0.233/ 0.800/
0.063 0.289 0.856
Minimal function range (R,;,)
Figure 2

Histogram of the number of trials and their corresponding minimal
function values Ry, obtained with Shake-and-Bake (SnB). Using
700 reflections selected in the resolution range 25-1.66 A and 230
invariants, a maximum of four sites were searched for 1000 trials of
20 cycles each, Two sites were found in 118 successful trials. The

best value of R, is 0.006.

Table 2
Crystallization conditions of the GRX-glutathione
complex and X-ray characterization.

Protein concentration {(mgml™") 6.5
Crystallization solution 28% PEG 4000,
0.2 M (NH,),50,

Crystal dimensions (mm}) 0.5 x 0.2 x 0.02

Unit-cell parameters (A) a=457,b=49.09,
c =104.81

Space group P2,2:2;

Molecules per asymmetric unit 2

Vi (A’Da™h) 249

Solvent content (%) 49

Diffraction limit (A) 155

coordinates of the closest GRXs as search
models were unsuccessful. A SeMet-substi-
tuted protein was therefore prepared and
crystallized under the same conditions.
Crystals only appeared after one month, but
could be obtained within one week by the
use of microseeding techniques. Three data
sets were collected at three wavelengths to
1.73 A resolution (Table 1). A search for the
positions of two Se atoms per asymmetric
unit was performed with the data set
collected at the peak of the selenium K edge
using either the Patterson method (CNS;
Briinger et al, 1998) or direct methods
(Shake-and-Bake version 2.1, Weeks &
Miller, 1999) (Fig. 2). Both methods unam-
biguously allowed the identification of the
same two sites, as expected from the
presence of one molecule of SeMet per
molecule and two molecules per asymmetric

unit. Peak-wavelength structure
factors were phased with
SHARP (de La Fortelle &
Bricogne, 1997) to 1.73 A reso-
lution and the phases were
improved by solvent flattening
using DM  (Collaborative
Computational Project, Number
4, 1994) and SOLOMON
(Abrahams & Leslie, 1996).
Automatic model building with
ARP/wARP (Perrakis et al,
1999) led to the repositioning of
95 of 112 residues, with R and
Riee values of 20 and 25% at the
beginning of the refinement
process. Model completion and
refinement are currently in
progress.

We would like to thank J. L. Ferrer at the
ESREF for his help during data collection. We
are very grateful to Dr Claude Schauber for
determining the molecular weight of the
native GRX and of the SeMet derivative.
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Un des objectifs de mon travail de thése était d’identifier des protéines cibles
des Trx cytosoliques ou de la Grx de peuplier isolées par notre équipe. Différentes
approches sont possibles, de la technique du double hybride, a l'utilisation de
monobromobimane (mBBr), un produit fluorescent qui réagit avec les groupements
thiols ou a la création de mutants monocystéiniques pouvant étre utilisés soit pour
créer des colonnes d’affinité et retenir de maniére covalente des protéines cibles soit
pour réaliser des expériences dimmunoprécipitation (Verdoucq et al., 1999 ;
Motohashi et al., 2001 ; Yano et al., 2001 ; Balmer et al., 2003 ; Vignols et al., 2003).
Par ailleurs, Trx et Grx ayant une fonction et un mode d’action commun, il n’est pas
illusoire de penser qu’elles peuvent réduire les méme protéines. En effet, méme si
leurs potentiels rédox et leurs séquences primaires sont différents, leurs structures
tridimensionnelles sont tres voisines. Ainsi, plusieurs enzymes ou protéines
possédent cette capacité d’étre réduite par les Trx ou les Grx. C'est le cas
notamment de la PAPS réductase ou de la RNR d’E. coli et d'une Gpx ou de divers
facteurs de transcription tels que AP 1 ou Nf-kB de mammiféres (Bjornstedt et al.,
1994 ; Prinz et al., 1997 ; Lillig et al., 1999 ; Hirota et al., 2000).

Actuellement, un certain nombre de protéines cibles des Trx de plantes ont
été identifiées mais cela concerne surtout des protéines chloroplastiques (voir
tableau Il de I'introduction). Deux types de protéines cibles, connues pour étre Trx
dépendantes, ont été isolées et caractérisées lors de mon travail de thése. Il s’agit de
deux isoformes de Prx, de type Il et de type Q, et de deux isoformes de MsrA, l'une
étant cytosolique et l'autre plastidiale. Ces deux types d’enzymes possédent en outre
une propriété commune retrouvée dans un nombre limité d’enzymes qui est la
transformation du groupement thiol des cystéines en SOH lors de la catalyse (pour
revue sur les SOH voir Claiborne et al., 1999 ; Claiborne et al., 2001).

La caractérisation de la Prx de type Il est reportée dans les articles 11 a 14,
alors que celle de la Prx Q et des deux isoformes de MsrA fait I'objet des deux
articles en préparation 15 et 16.
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Article numéro 11 :
Rouhier N, Gelhaye E, Sautiere PE, Brun A, Laurent P, Tagu D, Gérard J,
de Fay E, Meyer Y, Jacquot JP. (2001)

Isolation and characterization of a new peroxiredoxin from poplar sieve tubes

that uses either glutaredoxin or thioredoxin as a proton donor.
Plant Physiol. 127(3):1299-309.

Cet article présente la mise en évidence d'une Prx de type Il de peuplier
(appelée a l'origine type C avant qu’une classification plus claire ne soit définie). La
protéine recombinante exprimée chez E. coli et purifiée est une protéine
monomerique qui présente de maniere surprenante un doublet sur gel d’acrylamide
guel que soit son état de réduction. L’activité anti-oxydante de cette enzyme a tout
d’abord été vérifiée par un test de protection de plasmide en présence d’'un systeme
générateur de radicaux oxygénés. Ensuite, une activité de réduction de divers
hydroperoxydes (H.O,, t-BOOH, CUOOH) a été établie en présence des deux
systémes réducteurs que sont les systemes Trx et Grx. Par ailleurs, I'étude de
I'expression et de la localisation de cette enzyme a été entreprise. Les transcrits
codant pour la Prx de type Il et la protéine ont été détectés dans les trois organes
testés avec une prédominance dans les feuilles par rapport aux racines et aux tiges.
Des études d'immunolocalisation sur des coupes de feuilles ont montré la présence
de cette protéine dans des structures plastidiques présentes dans les tubes criblés
du phloéme. Cette localisation est inattendue puisque la protéine ne possede pas de
peptide de transit apparent. Elle pourrait étre expliquée par le fait qu’il existe une
isoforme de Prx Il présumée plastidiale chez A. thaliana et que ’homologue de cette

isoforme existe certainement chez le peuplier.
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Isolation and Characterization of a New Peroxiredoxin
from Poplar Sieve Tubes That Uses Either Glutaredoxin or
Thioredoxin as a Proton Donor!

Nicolas Roubhier, Eric Gelhaye, Pierre-Eric Sautiere, Annick Brun, Pascal Laurent, Denis Tagu,
Joelle Gerard, Elisabeth de Fay, Yves Meyer, and Jean-Pierre Jacquot*

Unité Mixte de Recherche Interaction Arbres Microorganisms, Institut National de la Recherche
Agronomique-Université Henri Poincaré Nancy I. Biochimie et Biologie Moléculaire Végétales, Université
Henri Poincaré, 54506 Vandoeuvre cedex, France (N.R., E.G., A.B,, P.L., D.T,, ].G,, E.d.F., J.-P.].); Laboratoire
d’Endocrinologie des Annélides Equipe Enseignement Supérieur Associé 97, Université des Sciences et
Technologies de Lille, 59655 Villeneuve d’Ascq cedex, France (P.-E.S.); and Laboratoire de Physiologie et de
Biologie Moléculaire des Plantes, Unité Mixte de Recherche 5545, Université de Perpignan, 66025 Perpignan
cedex, France (Y.M.)

A sequence coding for a peroxiredoxin {Prx) was isolated from a xylem/phloem cDNA library from Populus trichocarpa and
subsequently inserted into an expression plasmid yielding the construction pET-Prx. The recombinant protein was produced
in Escherichia coli cells and purified to homogeneity with a high yield. The poplar Prx is composed of 162 residues, a property
that makes it the shortest plant Prx sequence isolated so far. It was shown that the protein is monomeric and possesses two
conserved cysteines (Cys). The Prx degrades hydrogen peroxide and alkyl hydroperoxides in the presence of an exogenous
proton donor that can be either thioredoxin or glutaredoxin (Grx). Based on this finding, we propose that the poplar protein
represents a new type of Prx that differs from the so-called 2-Cys and 1-Cys Prx, a suggestion supported by the existence
of natural fusion sequences constituted of a Prx motif coupled to a Grx motif. The protein was shown to be highly expressed

in sieve tubes where thioredoxin # and Grx are also major proteins.

Reactive oxygen, sulfur, and nitrogen intermedi-
ates can cause serious damage to macromolecules
such as proteins, lipids, or nucleic acids, eventually
leading to pathological processes (Halliwell and Gut-
teridge, 1990; Beckman and Ames, 1997; Berlett and
Stadtman, 1997). Among the antioxidant defense
mechanisms developed by aerobic organisms, non-
enzymatic reactions dependent on glutathione, ascor-
bate, or a-tocopherol play an important role. Alter-
natively, enzymatic detoxication reactions that
involve catalases, superoxide dismutases, and ascor-
bate or glutathione peroxidases have been exten-
sively studied and documented (Rhee et al., 1994).

A new family of antioxidative enzymes, called per-
oxiredoxins (Prx), recently has been characterized in
all phyla (Rhee et al., 1999). These enzymes catalyze
the reduction of either hydrogen peroxide (H,0,) or
various alkyl hydroperoxides to water and the cor-
responding alcohol in the presence of a hydrogen

! This work was supported by Centre National de la Recherche
Scientifique grant no. PCV 98-099 and by the credit d’installation
from the Ministere de ’Education Nationale, de la Recherche et de
la Technologie.

* Corresponding author; e-mail j2p@scbiol.uhp-nancy.fr; fax
33383912243.

Article, publication date, and citation information can be found
at www.plantphysiol.org/cgi/doi/10.1104/pp.010586.

donor, which is in turn converted to the oxidized
form according to the equation:

ROOH + R'(SH), — water + H,O + R'S-5

Prx associated with catalases or other peroxidases
are believed to participate in signal transduction by
regulating the intracellular concentration of H,O,,
which in turn controls gene transcription and cell
signaling through phosphorylation cascades (Jin et
al., 1997).

Based on amino acid comparisons, Prx can be di-
vided into two to three main groups: the so-called
2-Cys Prx (referred to as type A in this manuscript),
the 1-Cys Prx (type B), and a new isotype that we will
call type C. All these isoforms can be differentiated
by the position of the Cys (Choi et al., 1999; Verdoucq
et al., 1999; Seo et al., 2000). Prx differ from other
peroxidases not only by their unique primary se-
quences but also by lacking prosthetic groups con-
taining a metal ion, normally needed for the catalytic
reaction to occur. Prx overcome this problem by us-
ing the conserved N terminus catalytic Cys that is
converted into a sulfenic acid and regenerated via a
proton donor. Site-directed mutagenesis has clearly
identified this Cys residue (Cys 47 in yeast [Saccha-
romyces cerevisiae] thiol-specific antioxidant) as the
catalytic residue (Chae et al., 1994a). In the case of
1-Cys Prx, the hydrogen donor remains essentially

Plant Physiology, November 2001, Vol. 127, pp. 1299-1309, www.plantphysiol.org © 2001 American Society of Plant Biologists 1299
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unidentified, but could be Trx for the mammalian
mitochondrial enzyme (Pedrajas et al., 2000). For the
2-Cys Prx, the donor is clearly thioredoxin (Trx) and
the mechanism involves another conserved Cys of
Prx (Kang et al., 1998). The hydrogen donor of the
new isotype is also believed to be Trx (Chae et al.,
1994b). The 2-Cys Prx exhibits a dimeric structure,
with two identical subunits linked by a disulfide
bridge (Choi et al., 1999). Biochemical evidence indi-
cates that 1-Cys Prx are monomeric proteins with an
intramolecular disulfide in the oxidized state (Kang
et al., 1998). The molecular organization of type C Prx
is still largely unknown. Nevertheless, it appears that
all subunits are organized in a fold similar to Trx
with a central pleated B-sheet surrounded by
a-helices (Schroder and Ponting, 1998).

In mammals, Prx are associated with diverse cellu-
lar functions including apoptosis (Zhang et al., 1997;
Kim et al., 2000), cell proliferation, and differentia-
tion (Yamamoto et al., 1989; Prosperi et al., 1993). In
the case of tumor necrosis factor-a-induced apopto-
sis, it was demonstrated recently that in the presence
of reactive oxygen intermediates, human Trx perox-
idase appears to be regulated by glutathione conju-
gation (Sullivan et al., 2000). This protein-glutathione
mixed disulfide could then be reduced by oxi-
doreductases such as Trx, glutaredoxins (Grx) or pro-
tein disulfide isomerases. This regulatory mechanism
of Cys oxidation reduction might prevent an irrevers-
ible oxidation of the concerned Cys into sulfonic or
sulfinic acid.

As a general rule, many Prx sequences coexist in a
single organism. For example, there are at least three
Prx in Escherichia coli, five in yeast, and six isoforms
characterized in mammalian cells (Zhou et al., 2000).
One of the reasons explaining this multiplicity is the
multiple subcellular localization of these proteins in-
cluding the cytosol, peroxisomes, mitochondria, and
possibly the nucleus (Stacy et al., 1999; Pedrajas et al.,
2000; Zhou et al., 2000).

The systematic sequencing of Arabidopsis also in-
dicates that there are many Prx genes in plants. It
appears that the expression of some Prx genes is
regulated both temporally and spatially, accounting
for the high number of isoforms. In plants, the three
types of Prx described above have been identified.
The 1-Cys Prx, apparently encoded by a single gene,
is expressed specifically in the aleurone layer and
embryo of developing seeds of dicotyledonous and
monocotyledonous plants (Haslekas et al., 1998;
Stacy et al., 1999; Lewis et al., 2000). Its proposed
function is to protect these tissues from reactive ox-
ygen species produced during desiccation or as a
by-product of respiration during imbibition of seeds.
Moreover, there is indirect evidence suggesting that
Prx are involved in maintenance of dormancy (Lewis
et al., 2000). Apparently in plants, the 2-Cys Prx
characterized so far are nuclear encoded, but local-
ized in the chloroplasts (Baier and Dietz, 1997). The
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chloroplastic 2-Cys Prx belong to a multigenic family
and seem to be expressed in most plant tissues but
the roots (Cheong et al., 1999). It is assumed to de-
toxify products of chloroplastic electron transport
(Baier and Dietz, 1999). A recent report indicates that
antisense plants suppressed for 2-Cys Prx compen-
sate by overexpressing ascorbate peroxidase and de-
hydroascorbate reductase, suggesting that a subtle
equilibrium exists between diverse antioxidant en-
zymes in chloroplasts (Baier et al., 2000).

Prx of the C type have been isolated recently from
a flower bud ¢cDNA library of Brassica rapa (Choi et
al., 1999) and also from Arabidopsis (Verdoucq et al.,
1999). In a very classic assay, the Prx from Chinese
cabbage (Brassica campestris L. subsp. pekinensis) pro-
tects GIn synthetase from oxidation by radicals gen-
erated by the Fenton reaction, Both the Arabidopsis
and B. rapa enzymes have been described to reduce
H,0, in the presence of NADPH, Trx reductase, and
Trx. We describe here the isolation and characteriza-
tion of a Prx of the type C from poplar (Populus
trichocarpa) phloem and show that this protein is
bifunctional, i.e. it can use either Trx or Grx as a
hydrogen donor. This is discussed in the light of
existing homologous prokaryotic sequences that con-
tain a Grx motif fused to type C Prx. The protein was
shown to be present in the plant and highly ex-
pressed in the sieve tubes of the phloem, which also
contains high amounts of Trx and Grx.

RESULTS
Sequence Analysis and Cloning

Based on two overlapping expressed sequence tags
(ESTs; AI163857 and AI162101) of respectively 458
and 553 nucleotides, a putative full-length sequence
coding for a poplar Prx has been reconstituted. The
corresponding cDNA sequence has been cloned by
PCR and inserted into the expression plasmid pET-
3d, yielding the construction pET-Prx. The open
reading frame consists of 489 nucleotides coding for
a polypeptide of 162 amino acids. Figure 1 shows an
amino acid sequence comparison that includes plant
Prx of the three types (A, B, and C). The sequence
isolated in this study is strongly associated with the
type C Prx from plants. It is clear that all type A plant
Prx possess a N terminus extension of about 75
amino acids that presumably codes for a chloroplas-
tic transit peptide as described in Baier and Dietz
(1999). In general, Prx of the B and C type do not
possess similar extensions and are thus probably not
routed to mitochondria, chloroplasts, or to the vacu-
olar and extracellular compartments. A remarkable
feature of the poplar sequence and all type C plant
Prx is that they are all considerably shorter on the
C-terminal end (type A and B show about 36 and 56
amino acids extensions, respectively). As a conse-
quence, the type C sequences are among the shortest
isolated for a Prx so far. The poplar Prx isolated in

Plant Physiol. Vol. 127, 2001
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Populus
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Glutaredoxin- or Thioredoxin-Dependent Phloem Peroxiredoxin

MASVASSTTLISSSASVLPATKSSLLPSPSLSFLPTLSSPSPS-ASLRSLVPLPSP--QS
MASIASSSSTTLLSSSRVLLPSKSSLLSPTVSFPRIIPSSSASSSSLCSGFSSLGSLTTN
MACVASSTTLISSPSSRVFPAKSSLS-SPSVSFLRTLSSPSAS-ASLRSGFARRS~~~SL

-------------- MAPTAVGDVLPD-GKLAYFDEQD-QLQEVSVHSLVAGKKVILFGVP
-------------- MAPTAVGDVVPD-GTISFFDEND-QLOTASVHSLAAGKKVILFGVP
-------------- MAPTAVGDVVPD-GSISFFDEND-QLOTVSVHSLAAGKKVILFGVP
ASSSRRSFAVKGQTDDLPLVGNKAPDFEAEGVFDQEF IKF IKVKLSDYIGKKYVILFFLP
RSASRRNFAVKAQADDLPLVGNKAPDFEAEAVFDQEFIK~--VKLSEYIGKKYVILFFYP
SSTSRRSFAVKAQADDLPLVGNKAPDFEAEAVFDQEF IK -~ -VKLSDYIGKKYVILFFYP

-------------- MPGLTIGDTVPNLELDSTHGKIRIH-------DYVGNGYVILFSHP
-------------- MPGLTIGDTVPNLELDSTHGKIRIH-------DFVGDTYVILFSHP
—————————————— MPGITLGDTVENLEVETTHDKFKLH- - - - - ~-DYFANSWIVLFSHP

* * * %k *
GAFTPTCSLKHVPGF I EKAGELKSKGVTEILCISVN--DPFVMKAWAKSYPE~—~--. NKH
GAFTPTCSMKHVPGF I EKAEELKSKGVDEIICF SVN--DPFVMKAWGKTYPE- -~~~ NKH
GAFTPTCSMKHVPGF IEKAEELKSKGVDEIICFSVN--DPFVMKAWGKTYPE-~==~ NKH

LDFTFVCPT-EITAFSDRYAEFEKLNT~-EVLGVSVDSVSVF SHLAGVQTDRKFGGLGDLN
LDFTFVCPT-EITAFSDRYEEFEKLNT-EVLGVSVD-~ ~ SVF SHLAWVQTDRKSGGLGDLN
LDFTFVCPT-EITAFSDRHSEFEKLNT-EVLGVSVD~ - SVF SHLAWVQTDRKSGGLGDLN
GDFTPVCTT-ELAAMANYAKEFERRGV-KLLGISCD--DVQSHKEWTKDI EAYKPGSKVT
GDFTPVCTT-ELAAMAAYAKEFDKRGV-KLLGISCD--DVQSHKDWFKDIEAYKPGNRVT
GDFTPVCTT-ELGAMAKYAHEFDKRGV-KLLGLSCD--DVQSHKDWIKDIEAFNHGSKVN
Ak k * 1*1
VKFLADGSATYTHALGLELDLQEK-~-GLGTRSRRFALLVDDLKVKAANIEGGGE-FTVSS
VKFVADGSGEYTHLLGLELDLKDK--GLGVRSRRFALLLDDLKVTVANVESGGE~-FTVSS
VKFVADGSGEYTKLLGLELDLKDK - -GLGVRSRRFALLIDNLKVTVANVESGGE~FIVSS
YPLISDVTKSISKSFGVLIHDQ~~~-G~-~TALRGLFIIDKEGVIQHSTIXNLGIGRSVDE
YPLVSDITKSISKSFGVLIPDQ~+~~-G--IALRGLF I IDKEGVIQHSTINNLGIGRSVDE
YPLISDVTKSISKSFGVLIHDQ---~-G--IALRGLFIIDKEGVIQHSTINNLGIGRSVDE
YPIMADPDRSATKQLNMVDPDEKDAQG-QLPSRTLHIVGPDKVVKLSFLYPSCTGRNMDE
YPIMADPSREATKQLNMVDPDEKDSNGGHLPSRALHIVGPDKKVKLSFLYPACVGRNMDE
YPIIADPNKEIIPQLNMIDPIE---NG--~PSRALHIVGPDSKIKLSFLYPSTTGRNMDE
*

* *
AEDILKDL~======mmmmsmmmmmmmmmm e m oo mm e ————
ADDILKAL - -
ADDILKAL -—
TMRTLQALQYIQEG-PGEVCPAGWKPGE- - -~ KSMKPD P-KLSK
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VVRAVDSLLTAAK - ~HKVATPANWK PGECVVIAPGVSDEEAKKMF PQGFETADLPSKKGY

VVRAVDALQTAAK - -TRLATPVNWKPGEPFVIPPGVSDDEAKEKF POQGFDTADLPSGKGY

VLRALDSLLMASKHNNKTATFVNWKPDQPVVISPAVSDEEAKKMF PQGFKTADLPSKKGY
* 1

Figure 1. Amino acid sequence alignment of plant Prx. The first three sequences belong to type C Prx, the three following
sequences are 2-Cys Prx (type A), and the last three are 1-Cys Prx (type B). This alignment was performed using the Clustal
W program, and the accession numbers for these sequences are: Arabidopsis, AAD28242; B. rapa, AAD33602; 2-Cys B.
rapa, AF052202; 2-Cys Arabidopsis, BAB0O8951; 2-Cys Spinacia oleracea, 024364; 1-Cys Hordeum vulgare, CAA65387;
1-Cys Oryza sativa, BAA09947; and 1-Cys Arabidopsis, Y12089. Asterisk, Indicates strict homologies between all the

sequences and conserved Cys within a Prx subtype.

this work displays strict identity of 80% to the Ara-
bidopsis and Brassica rapa-type C Prx sequences. On
the other hand, the identities are much lower com-
pared with type A or B Prx (10%-15% and 13%-19%,
respectively). Type A and B are similarly loosely

Plant Physiol. Vol. 127, 2001

related (21%—-25% identity). Overall, plant Prx of the
type A exhibit 77% to 85% identity, those of type B
exhibit 68% to 84% identity, and those of type C
exhibit 80% to 96% identity. At first, the absence of an
N-terminal extension and of identified signals as Ser-
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Lys-Leu for the peroxisomes suggest that the subcel-
lular localization of the poplar Prx might be the
cytosol, and the interrogation of the PSORT site
(http://psort.nibb.ac.jp/form.html) supports this
proposal. A very characteristic feature of all the Prx
sequences is that one Cys residue (Cys 51 in the
poplar enzyme) is strictly conserved with the sur-
rounding consensus sequence: P[G/L][A/D]FT[P/
FJ[T/VIC[S/P/T]. Site-directed mutagenesis has
shown that this residue is the catalytic one in all Prx
characterized so far (Chae et al., 1994a). The poplar
sequence isolated in this work shows only one addi-
tional Cys (Cys 76), which is strictly conserved
among type C Prx.

Expression of the Recombinant Protein,
Purification, and Physical Characteristics

When the E. coli BL21 (DE3) strain was cotrans-
formed by the plasmids pET-Prx and pSBET, a huge
overexpression of the enzyme was observed, the re-
combinant Prx representing more than 50% of the
total protein content (data not shown). This allowed
us to purify the protein with a very high yield using
two simple chromatographic steps consisting of an
ACA 44 gel filtration column followed by a DEAE-
Sephacel ion exchange. Nearly 40 mg protein was
obtained per liter culture with a very high purity,
based on a calculated molar extinction coefficient of
10,930 m~' cm™! (see Fig. 2). After staining with
Coomassie Blue, the purified protein clearly shows a
doublet band with an apparent molecular mass of
about 18 kD, a value in close agreement with the
predicted mass of the polypeptide (17,408 D). The
origin of the polypeptide doublet is not fully under-
stood, but it was observed when lysing whole bacte-
rial cells that a similar doublet is already present,
strongly suggesting that this property is not an arti-
fact due to proteolysis during the protein purification
process. Nevertheless, an N terminus amino acid
analysis of the recombinant protein indicated a

kDa 1 2 3
50 — o—"
3T e et
25 — e

Figure 2. Size determination and purity of recombinant poplar Prx.
The size marker used is Precision Protein Standards, unstained from
Bio-Rad (Hercules, CA). Each lane contains about 3 ug of Prx. Lane
1, SDS and B-mercaptoethanol; fane 2, SDS alone; lane 3, SDS and
dithiothreitol (DTT).
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Figure 3. Prx-dependent inactivation of DNA cleavage by MCO.
Plasmid pLBR19 was added in each reaction mixture after 40 min.
Lane 1, pLBR19 alone; lane 2, DTT alone; lane 3, DTT + FeClj; lanes
4 through 6, DTT + FeCl; + various amounts of Prx (10, 20, and 40
uM); lane 7, DTT + FeCl; + bovine serum albumin (BSA; 20 um);
lane 8, ascorbate + FeCl;. Nicked form (NF) and supercoiled form
(SF) of pLBR19 are indicated on the feft,

clipping of the N terminus with the superimposition
of the sequences MAPIAV, APIAV, and PIAV, the
MAPIAYV sequence being more prevalent, accounting
for more than 50% of the whole protein population. A
similar doublet has been observed with various Prx
and Kang et al. (1998) have shown that this doublet
can be erased on type B Prx when the samples are
treated with a strong reductant as DTT. However,
Figure 2 shows that even when the samples are
treated with a strong reductant (DTT instead of
B-mercaptoethanol), at high temperature in the pres-
ence of SDS, a double component is always observed.
Extraction of poplar Prx from the bacterial cells in the
presence of 5 mM DTT and purification in the pres-
ence of 1 mm DTT also did not affect the SDS-PAGE
pattern, suggesting that the oxidation of the highly
conserved Cys (Cys 51) was not the cause of this
behavior. Even when the protein was prepared in the
absence of a reductant, it was found to be essentially
in the reduced state. This was estimated by titrating
the recombinant enzyme with 5,5',dithiobis-nitro-
benzoic acid (DTNB). In the native state or in the
denatured state (in the presence of 1% [w/v] SDS), 2
mol thiol groups were observed per mole enzyme,
suggesting that the enzyme is fully reduced and that
both thiols are accessible and not buried. The addi-
tion of concentrations of H,0,, ranging from 100 um
to 1 mwm, resulted in the disappearance of 1.5 mol SH
per mole enzyme. Thus, it is likely that the addition
of the oxidizing substrate fully oxidizes the pre-
sumed catalytic Cys and partially Cys 76.

The oligomeric nature of Prx of the C type is not
well documented in the literature so far. On the
other hand, it has been proposed that Prx of the A
type are dimers of identical subunits linked by a
disulfide bridge. Treating the recombinant enzyme
with SDS in the absence of a reductant (either
B-mercaptoethanol or DTT) clearly indicates that
such a hypothesis can be ruled out for the poplar
enzyme because the protein always migrates as a
monomer (data not shown). When analyzed on
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Figure 4. Trx and Prx dependency of H,0, reduction. The concen-
trations of the other components are as follows: 150 um NADPH, 1.6
uM NADPH Trx reductase (NTR), and 100 um H,O,. A, Prx concen-
tration is 5 um; B, Trx concentration is 4 um.

ACA44 gel filtration, the poplar Prx also behaved as
a monomer (data not shown), suggesting that type C
Prx is monomeric.

Catalytic Properties of Type C Poplar Prx

One of the most widely used tests for the detection
of Prx activity is the protection of plasmids in the
presence of a thiol metal-catalyzed oxidation (MCO)
generating system (generally DTT and reduced Fe;
Fig. 3). Although the strong oxidizing agents gener-
ated by the MCO system are able to destroy the
plasmid, the addition of recombinant Prx clearly has
a protective effect that cannot be reproduced by the
addition of similar amounts of an unrelated protein,
BSA. When DTT was replaced by reduced ascorbate,
the plasmid was not protected and degraded, con-
firming the need for a thiol as a reductant of Prx.

The poplar Prx is able to reduce H,0, in the pres-
ence of external hydrogen donors, Trx (Fig. 4) or Grx
(Fig. 5). As shown in Table I, the Prx can use reduced
poplar Trx h as a proton donor generated by the
addition of NADPH and NTR. Omitting either the
NTR or the Trx k components as well as the substrate
H,0; results in a complete loss of the NADPH oxi-
dizing activity. Table I also shows that the C type
poplar Prx can alternatively use reduced poplar Grx
as a proton donor to carry out its catalytic reaction. In
this case, the generating system is composed of
NADPH, GR, glutathione, and Grx. Because reduced
glutathione directly reduces H,O,, a background ac-
tivity is observed when either Grx or Prx are omitted.
Nevertheless, a full activity is only observed when all
the components of the GSH/Grx chain are supplied,
strongly suggesting that Grx can serve as an alternate
proton donor for type C Prx.

Figure 4A shows the Prx linked reduction of H,O,
in the presence of increasing Trx h concentrations.
The reaction rate increases as a function of Trx con-
centrations and saturates at about 10 um (Fig. 4A).
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The reaction rate was also examined as a function of
the Prx concentration (Fig. 4B). As expected, the cat-
alytic activity goes up with increasing Prx concentra-
tions in the range 0 to 15 uM. The rate of the reaction
was also estimated as a function of the Grx concen-
trations when reduced GSH was the donor (Fig. 5).
Similar to what was observed with Trx, the reaction
rate increases as a function of the Grx concentration
and saturates at about 30 um (Fig. 5A). With gluta-
thione and Grx as electron donor, the reaction rate
increased with increasing Prx concentrations in the
range 0 to 80 um (Fig. 5B).

The capacity of recombinant poplar Prx to reduce
various other peroxides has also been evaluated. Ta-
ble IT shows that besides H,O,, cumene hydroperox-
ide and tert-butyl hydroperoxide can also be used by
this enzyme, with similar efficiency. However,
cumene hydroperoxide is clearly detrimental to pro-
teins of the Trx system because the activity recorded
drops to about 35% of those obtained with either
H,0, or tert-butyl hydroperoxide, whereas this activ-
ity remains nearly constant with the Grx system.

Expression and Localization in Planta

We have also generated evidence that the type C
Prx gene is efficiently transcribed and translated in
planta. Figure 6A shows the results of a northern
experiment made with RNAs isolated from three dif-
ferent poplar organs: leaves, stems, and roots. A sin-
gle transcript of about 1 kb was detected in all or-
gans, and the level of transcription was high in leaves
(lane L), lower in roots (lane R) ,and weak in stems
(lane S). The use of specific polyclonal antibodies
allowed us to detect the presence of the Prx polypep-
tide in all organs as well (Fig. 6B). The western-blot
experiment matches the results of the northern-blot
experiment, with higher expression in leaves and
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<
™
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P
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[Grx] [Prx]  (uM)
Figure 5. Grx and Prx dependency of H,O, reduction. The concen-
trations/amounts of the other components are as follows: 150 um
NADPH, 0.5 units glutathione reductase (GR), T mm GSH, and 100
um H,O,. A, Prx concentration is 40 um; B, Grx concentration is 12
uM. The background activities due to reduced glutathione alone
(about 0.1 A OD/min) have been substracted.
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Table 1. Proton donor requirements for the peroxiredoxin-linked
reduction of H,0,

All reactions were carried out at 30°C in a total volume of 500 L
and followed spectrophotometrically using a Cary 50 spectrophom-
eter (Varian Mulgrave, Victoria, Australia). The results are expressed
in AA;,, per minute. The concentrations/amounts of the various
components were as follows: A, 1.6 um NTR, 15 um Trx h, 17 um
Prx, 100 um H,0, and B, 0.5 units GR, 1 mm GSH, 50 um Grx, 43
um Prx; 100 um H,0,.

A B
Complete 0.522 Complete 0.662
—NTR 0.006 -GR 0.000
—Trx h 0.005 —GSH 0.000
—Prx 0.004 —Grx 0.095
-H,0, 0.016 —Prx 0.095
-H,0, 0.011

roots. It was estimated that there is approximately
500 ng Prx mg protein~! in leaves based on a stan-
dard curve established with increasing amounts of
the recombinant protein (data not shown). A single
polypeptide was detected in plant extracts with a size
identical to the recombinant protein. Again, this in-
dicates that there is no cleavage of a signal sequence
in the protein. Nevertheless, immunolocalization ex-
periments in leaves indicate the presence of large
amounts of type C Prx in the sieve tubes of the
phloem. The gold particle labeling was extremely
specific and essentially restricted to plastid-like
structures present in these cells (Fig. 7).

DISCUSSION

The Prx sequence isolated here is neither a so-
called 2-Cys Prx (referred to in this work as type A),
nor a 1-Cys Prx (referred here as type B). The poplar
Prx is the shortest among the many isotypes charac-
terized so far (only 162 amino acids). It lacks espe-
cially a C-terminal extension consistently present in
isotypes A and B and there is no N-terminal exten-
sion. The presence in all ESTs of a stop codon in
frame 9 triplets upstream of the initiation codon pre-
cludes the existence of a transit peptide in this pro-
tein. Despite the apparent absence of a signal se-
quence, the protein was shown by immunochemistry
to be located in plastids of the sieve elements of the
phloem. Thus, either there is a signal internal to
the sequence or the protein is transported through
the vesicular pathway from the companion cell via
the branched plasmodesmata. It is interesting that
both Trx and Grx are major soluble protein compo-
nents of the phloem sap (Szederkenyi et al., 1997;
Ishiwatari et al., 1998). This has prompted specula-
tion that both proteins are involved in redox based
regulation in phloem cells. It is clear that the Prx
isolated here could participate to such a regulation
because it uses both Trx and Grx as a proton donor.
It is interesting that it has been proposed that upon
injury, the sieve element plastids disintegrate and
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release their protein content at the level of the sieve
plate (Knoblauch and van Bel, 1998). Because type C
Prx is specifically located in those structures, it is
tempting to speculate that is should be involved in
the response to oxidative stress generated in such
conditions.

A high expression of Prx was obtained by cotrans-
formation with the plasmid pSBET and the protein
could then be purified with a very high yield. The
native enzyme is monomeric in solution and its two
Cys residues are in the reduced form, irrespective of
its mode of purification (inclusion of a reductant as
DTT or not). It is interesting that type A Prx are
reported to be dimeric enzymes with a disulfide
bridge connecting the catalytic Cys of one subunit
and another Cys of the other subunit. Because this
additional Cys is in the C terminus extension, a sim-
ilar organization cannot apply to the type C Prx
described in this work.

We propose that the short length of the sequence is
a first criterion of a type C Prx. Other criteria are the
presence of an additional invariant Cys at position 76
and the capacity to use either Trx or Grx as a proton
donor for the reaction. The poplar enzyme reduces
alkyl hydroperoxides, and especially H,O,, in the
presence of an exogenous proton donor. This was
demonstrated both kinetically, following the
NADPH oxidation linked to the catalytic process,
and by the observation that externally added H,0O, is
able to oxidize critical Cys residues, even at low
concentrations. The capacity to reduce H,O, was also
confirmed with a widely used plasmid protection
assay. The biochemical data suggest that the poplar
Prx is able to use either Trx or Grx as proton donors,
a result that has not been reported before (Fig. 8).
This raises the question of the identity of the physi-
ological proton donor of this new type C Prx.

The biochemical data presented here do not permit
us to determine the identity of the physiological pro-
ton donor in plants because both systems (Trx and
Grx) display similar efficiencies. A further complica-
tion is the high number of Trx h variants in plants
(Buchanan et al., 1994; Rivera-Madrid et al., 1995),
because the different isoforms could display varying
affinities toward type C Prx. We could not test all
isoforms as proton donors at this point, but could

Table II. Comparison of various alkylhydroperoxides as substrates
of poplar Prx

Reactions are performed at 30°C in 50 mm phosphate buffer, pH 7,
with 150 um NADPH, 100 uM substrates, and in the presence of 1.6
uM NTR, 15 um Trx, and 25 pm Prx for the Trx system and 0.5 units
of GR, 1 mm GSH, 12.5 um Grx, and 25 um Prx for the Grx system.
Reactions were started after 1 min by adding substrates.

Proton Donor
Substrate

Trx system Grx system
H,0, 0.453 0.311
Cumene hydroperoxide 0.174 0.278
tert-butyl hydroperoxide 0.409 0.256
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Figure 6. : Detection of Prx mRNA and polypeptide in planta. L,
Leaves, S, stems; R, roots. A, Northern-blot analysis: as a control, 28$
rRNA stained by Radiant Red RNA gel stain from Bio-Rad before
blotting is shown. B, Western-blot analysis with purified anti-Prx
antibody.
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observe that the distant Chlamydomonas reinhardtii
Trx h shows similar reactivity to the poplar Trx h
used in this work (data not shown). This could be an
indication that there should not be a high specificity
between the Trx k isoforms versus type C Prx. In an
earlier work, using a Trx modified by site-directed
mutagenesis, a yeast Prx (YLR109) has been identi-
fied as an in vivo target of Trx (Verdoucq et al., 1999).
It should be stressed, however, that YLR109 presents
lower homologies to type C Prx because it possesses
several sequence insertions and lacks the additional
conserved Cys typical of all plant sequences. As a
consequence, it is not clear whether this result can be
extended to the type C plant Prx exemplified by the
sequence studied in this work.

A very interesting piece of information about the
nature of the proton donor can be obtained from
sequences available in the nucleotide data bank.
Three of those sequences (Hemophilus influenzae, Neis-
seria meningitidis, and Vibrio cholerae with accession
nos. AAC22230, CAB94403, and AE004330, respec-
tively) exhibit a natural fusion between a Prx motif
present in the N terminus of the sequence and a Grx
motif that constitutes the C terminus of the sequence.
The N terminus displays strong homology (over
50%) with the poplar Prx sequence, with no sign of a
N terminus extension. In addition, two of these se-

Figure 7. Electron micrographs of poplar sieve elements. A, One sieve element (SE) containing sieve element plastids (Pl)
and parietal P proteins (PP) shown with companion cell (CC). B, Prx labeling in sieve element plastids.
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Figure 8. The two pathways involved in type C Prx catalysis.

quences (V. cholerae and N. meningitidis) possess the
conserved additional Cys (equivalent to Cys 76). This
definitely classifies those sequences as a putative
ancestor of type C Prx. The existence of these pro-
karyotic sequences strongly suggests that a Grx could
serve as a physiological proton donor to type C Prx,
in a manner analogous to the natural fusion protein
that exists between Trx reductase and Trx in Myco-
bacterium leprae (Wieles et al., 1995). Moreover, recent
analyses indicate that in prokaryotes, gene fusion
events could reasonably indicate a functional associ-
ation of these proteins (Enright et al., 1999; Marcotte
et al., 1999).

MATERIALS AND METHODS

Cloning of the cDNA Sequences, Expression in
Escherichia coli of the Recombinant Proteins, and
Purification Procedures

The expression and purification of Chlamydomonas rein-
hardtii and poplar (Populus trichocarpa X deltoides) Trx h as
well as of Arabidopsis NTR have been described already
(Jacquot et al., 1994; Stein et al., 1995; Behm and Jacquot.,
2000). The procedure for the overexpression and purifica-
tion of Grx will be described in a separate paper.

Several ESTs corresponding to poplar Prx were iden-
tified in GenBank (http://www.ncbi.nlm.nih.gov:80/
entrez/query.fegi?db=Nucleotide) using the program Ad-
vanced Blast 2.0 (http://www.ncbi.nlm.nih.gov:80/
BLAST/). Two primers were designed to amplify the full-
length ¢cDNA by PCR using as a template a phage cDNA
xylem/phloem library from poplar provided by Drs. Wout
Boerjan and Hugo Meyermans (University of Gent, Bel-
gium). The forward oligonucleotide (GGGGCCATGGC-
CCCGATTGCTGTTGGT) contains an Ncol restriction site
(underlined) with the initial ATG followed by the 5 se-
quence of the open reading frame, and the reverse primer
(GGGGGGATCCTCAAAGATCCTTGAGATATCC) con-
tains a BamHI restriction site followed by sequences com-
plementary to the stop codon and matching the 3’ end of
the open reading frame. The fragment coding for Prx was
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amplified by PCR, using 2.5 pL of ¢cDNA library as a
template. The ¢cDNA library was first denatured by an
initial step of 10 min at 95°C. Tag polymerase was then
added and 35 cycles of amplification were performed (1
min at 95°C, 2 min at 47°C, and 3 min at 72°C), followed by
a final extension step of 10 min. Overall, the PCR reaction
(100 nL) contained 1 unit of Goldstar DNA polymerase, 200
nM of each primer, 2 mm MgCl,, and 160 um deoxyribo-
nucleotide triphosphate).

The PCR product of about 500 bp was then purified,
digested, and cloned into the pET-3d vector to generate the
construction pET-Prx that was used to transform
BL21(DE3). An initial small-scale expression gave very
poor yields, presumably because of the existence of codons
poorly adapted to E. coli translation machinery. It is well
known that several triplets are not frequently used in E.
coli, presumably because of low amounts of the corre-
sponding tRNAs (Makrides, 1996). A thorough examina-
tion of the poplar Prx sequence indicates that a tandem of
AGG triplets coding for the doublet R128-R129 should be
extremely unfavorable for a high yield expression. In ac-
cordance, the E. coli BL21 (DE3) strain was cotransformed
by pET-Prx and by the plasmid pSBET that encodes the
tRNA needed to recognize the AGG and AGA triplets
(Schenk et al., 1995). The E. coli BL21(DE3) strain, cotrans-
formed with pSBET (Schenk et al., 1995), was transformed
by electroporation by pET-Prx. One ampicillin- and
kanamycin-resistant clone was amplified up to 5 L in
Luria-Bertani medium at 25°C and induced during 4 h with
100 uM isopropyl-B-p-thiogalactopyranoside. The bacterial
cells were collected by centrifugation (5,000g, 15 min) and
resuspended in TE buffer (30 mM Tris-HCI, pH8, and 1 mm
EDTA) to a final volume of about 80 mL. The cell suspen-
sion was sonicated on ice by 30-mL batches for 3 min using
an Ultrasonic XL Sonicator with an output of 4 and a duty
cycle of 50. Solid ammonium sulfate was then added and
the proteins precipitating between 40% and 80% (w/v) of
the saturation were collected by centrifugation (30,000g, 20
min). The protein pellet was then resuspended in about 20
mL of TE. The purification of recombinant poplar Prx
requires two chromatographic steps. First, the sample was
loaded onto an ACA44 column (70 X 5 ¢cm) and then the
fractions containing the recombinant protein were pooled
and laid onto a DEAE Sepharose fast-flow column (10 X 2.5
cm). The protein was eluted with a 0 to 0.4 M NaCl gradient
in buffer TE (250-250 mL), and then concentrated and
dialyzed against TE buffer on a cell (Amicon, Beverly, MA)
equipped with a YM10 membrane. The protein was kept
frozen at —20°C and stored as 50-uL aliquots at a concen-
tration of about 30 mg mL™".

In Vitro Peroxidase Assays

The reduction of H,0, or alkyl hydroperoxides was first
estimated indirectly by measuring NADPH oxidation at
340 nm. It is based on the property that Prx uses a hydro-
gen donor to carry out catalysis (most often reduced Trx
generated via NADPH and NTR), but also in this study,
reduced Grx in the presence of glutathione, which is itself
maintained reduced by NADPH and GR.
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The reaction mixture (500 pL) for the Trx-dependent
assay was as follows: 50 mm Na-K phosphate buffer, pH
7.0; 150 um NADPH; 0 to 50 uM poplar or C. reinhardtii Trx
h; 0 to 50 uM Prx; and 1.5 um Arabidopsis Trx reductase.
The reaction was initiated by adding 1 mm H,0, and the
NADPH oxidation was followed spectrophotometrically at
340 nm using a Cary 50 apparatus at 30°C.

When Grx was tested as the proton donor, the reaction
medium had the following composition: 50 mm Na-K phos-
phate buffer, pH 7.0; 150 um NADPH; 1 mM reduced
glutathione; 0.5 units GR; 0 to 50 um Grx; and 0 to 80 um
Prx. As described above, the reaction was carried out in 500
pL, initiated with H,O,, and its rate followed spectropho-
tometrically at 340 nm.

A second possible test is the protection of plasmids
against radicals generated by MCO. H,O, can be formed by
a reaction occurring between DTT, Fe®*, and O,, and then
transformed into hydroxyl radical by the Fenton reaction
(Halliwell and Gutteridge, 1990). These radicals are able to
damage nucleic acids or inactivate enzymes as Gln
synthetase.

Plasmid pLBR19 was used to measure the capacity of Prx
to eliminate H,O, before its tranformation in radicals. A
reaction mixture of 20 uL includes 3.3 um FeCl;, 10 mm
DTT for the thiol MCO system, or 10 mm ascorbate for the
non-thiol MCO system, different Prx concentrations (10-40
uM), or 20 um BSA, in 50 mm HEPES [4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid]-[NaOH], pH 7.2. The re-
action was initiated by incubating the mixture for 40 min
before adding about 1 ug of plasmid for 7 h at 37°C. The
plasmid degradation was evaluated on 1% (w/v) agarose
gel after staining with ethidium bromide (Sambrook et al.,
1989).

Thiol Content Titration

The free thiol content of recombinant poplar Prx was
estimated using DTNB as described by Jacquot et al. (1984).
One milligram of Prx dissolved in 1 mL of Tris-HCI (100
mw, pH 8.0) was reacted with 10 uL. of 20 mm DTNB in the
presence of various H,0O, concentrations (ranging from 100
pM to 1 mm). An assay was performed in the presence of
1% (w/v) SDS to denature the protein and estimate
whether it contains buried thiol groups. The cleavage of
DTNB to TNB™ was followed by measuring the A,,, after
30 min reaction in the dark, and the thiol content was
determined using a molar extinction coefficient of 13,600
M ' em ™! at 412 nm.

Protein Extraction from Poplar Tissues

Four-hundred milligrams of 2-month-old poplar leaves,
stems, and roots was used for protein extraction. Tissues
were ground into powder in the presence of liquid nitrogen
and suspended in the extraction buffer (50 mm Tris-HC],
pH 7.5; 14 mm phenylmethylsulfonyl fluoride; and 0.05%
[v/v] B-mercaptoethanol). Soluble proteins were obtained
in the supernatant by two successive centrifugation steps
(14,000¢, 10 min) and then precipitated in the presence of
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acetone (4 volumes). Proteins were pelleted by centrifuga-
tion, the pellet was then washed by a novel centrifugation
step in the presence of acetone, and dried after eliminating
the supernatant. Proteins were resuspended in a solubili-
zation buffer composed of 125 mm Tris HCl, pH 6.8; 20%
(v/v) glycerol; 2% (w/v) SDS; 5% (v/v) B-mercaptoetha-
nol; and 0.05% (w/v) bromophenol blue. Protein concen-
trations in the extracts were determined by the Bradford
reaction as described in the Bio-Rad kit.

Antibody Purification

The antibodies have been purified from the serum by
immuno-adsorption on a Prx-Sepharose column generated
by coupling 35 mg of Prx to 2.5 g of CNBr Sepharose gel
(Amersham Pharmacia Biotech, Uppsala). Fractions of 4
mL of the rabbit serum were applied onto the column (1 X
5 cm) and the antibodies were allowed to react with the
matrix for 30 min. After washing the column with TE
buffer, antibodies were eluted with 50 mM acetic acid in
fractions of 1 mL in tubes containing 200 uL of 1 M Tris-
HCI, pH 8. Fractions containing the antibodies were pooled
and dialyzed against TE buffer.

SDS-PAGE and Western Blotting

Proteins from poplar tissues (10 pg) were separated by
14% (w/v) SDS-PAGE following the procedure of Laemmli
(1970) and transferred onto a polyvinylidene difluoride
membrane during the night in the presence of transfer
buffer (25 mm Tris, 192 mm Gly, and 20% [v/v] ethanol).
Blocking of the membrane was achieved at room temper-
ature during 4 h with the blocking buffer (20 mm Tris-HCI,
pH 7.5; 500 mm NaCl; 0.05% [w/v] milk powder; and 0.05%
[v/v] Tween 20). The membrane was then incubated with
purified anti-Prx antibodies (equivalent to 1.10~% OD at 280
nm) in 15 mL of blocking buffer during at least 2 h, and
extensively washed before reaction with anti-rabbit sec-
ondary antibodies provided in the Immune Star Goat Anti
Rabbit Detection Kit from Bio-Rad. The bioluminescence
reaction was done according to the instructions of the
manufacturer.

RNA Extraction and Northern Blotting

Total RNA was extracted from 100 mg of leaves, stems,
and roots from 2-month-old poplar grown in hydroponic
medium, with the RNeasy Plant Mini Kit (Qiagen USA,
Valencia, CA) with addition of polyethylene glycol 8000 to
the extraction buffer at a concentration of 20 mg mL™". Ten
micrograms of total RNA was separated and blotted by
capillarity onto a nylon membrane from Amersham Phar-
macia Biotech. The probe, consisting of about 100 ng of a
PCR fragment (identical to the Prx fragment cloned), was
labeled with ?P dATP following the instructions provided
in the kit Prime a Gene Labeling System (Promega, Madi-
son, WI). The probe was then purified with the QIAquick
Nucleotides Removal Kit from Qiagen, and was estimated
to contain 30 million cpm. Hybridization was performed at
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42°C in the presence of 5X SSPE and 0.5% (w/v) SDS, and
washing at 65°C with a solution of 2X SSPE and 0.1%
(w/v) SDS.

Immunolocalization Procedures

Samples were dissected from young poplar leaves in a
drop of fixation solution and then fixed by immersion for
3 h at 4°C in 4% (w/v) paraformaldehyde and 0.5% (v/v)
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4. Leaf
samples were subsequently rinsed in 0.1 M of the above
buffer, treated with 2% (w/v) OsO,, dehydrated in a series
of alcohol and propylene oxide, embedded in Durcupan,
and finally polymerized at 56° for 48 h.

Ultrathin sections were successively floated for 15 min in
a 0.05 m Gly, 0.05 M Tris-phosphate-buffered saline (TPBS)
solution, 30 min on a blocking solution of 1% (w/v) BSA in
TPBS (TPBS/BSA), and then treated for 2 h with the puri-
fied rabbit Prx-antibodies (diluted 1:100 [v/v] in TPBS/
BSA). This step was omitted in the controls. After washing,
sections were incubated for 2 h in a solution of 0.05 M
Tris-HCl buffer containing 0.05% (w/v) polyethylene gly-
col with gold-labeled goat anti-rabbit IgG (10 nm, dilution
1:20 [v/v], Sigma, St. Louis). Sections were then rinsed,
dried, and stained with uranyl acetate and lead citrate.
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Afin de déterminer le mécanisme catalytique de la Prx de type Il et son mode
de régénération par la Grx, les protéines recombinantes mutées sur l'une ou l'autre
des deux cystéines contenues dans la Prx, Prx C51A et Prx C76A, ont été produites
chez E. coli. Par ailleurs, une protéine de mammifere, homologue a la Prx de type II,
appelée Prx V posséde une cystéine additionnelle en position C-terminale (C152).
Cette cystéine est impliguée dans la formation d’'un pont disulfure intramoléculaire
avec la cystéine 51, lequel est ensuite réduit par les Trx. Pour mimer cette protéine,
la protéine recombinante Prx V152C a également été produite et purifiée. Les tests
d’activité effectués en combinant les différentes protéines mutées générées, ainsi
gue les essais de formation d’hétérodiméres entre ces différentes protéines
mutantes, ont permis de comprendre l'interaction entre Trx ou Grx et Prx. Ainsi, la
cystéine 51 de la Prx est la cystéine catalytique qui est transformée en cystéine SOH
lors de la catalyse, alors que la cystéine 76 n’intervient pas dans le mécanisme,
méme si l'activité de cette protéine mutante est réduite par rapport a la protéine
sauvage. La régénération de I'enzyme est effectuée par réduction de ce SOH
directement par les Trx ou Grx aboutissant a la formation d’'un pont disulfure
intermédiaire qui sera réduit par attaque de la deuxieme cystéine des Trx ou Grx.
L’interaction entre les protéines a été confirmée par la formation de complexes entre
les mutants monocystéiniques de Trx ou Grx et la Prx sauvage. Toutefois, I'étude du
mutant Grx C30S a permis de montrer que la présence de la deuxieme cystéine du
site actif des Grx n’est pas obligatoire et que tout se passe comme si le GSH ou plus
vraisemblablement une autre molécule de Grx C30S pouvait rompre ce pont
disulfure mixte. De maniére tout a fait intéressante, Prx V152C est actif avec Trx
mais pas avec Grx pour une raison que nous n'avons pas déterminée mais qui
pourrait étre la formation d’un pont disulfure entre les cystéines 51 et 152 qui serait
réduit par Trx mais pas Grx. La résolution de la structure de la Prx sauvage et de la

Prx V152C devrait permettre de répondre a cette question.
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Recently, a poplar phloem peroxiredoxin (Prx) was
found to accept both glutaredoxin (Grx) and thioredoxin
(Trx) as proton domors. To investigate the catalytic
mechanism of the Grx-dependent reduction of hy-
droperoxides catalyzed by Prx, a series of cysteinic mu-
tants was constructed, Mutation of the most N-terminal
conserved cysteine of Prx (Cys-51) demonstrates that it
is the catalytic one. The second cysteine (Cys-76) is not
essential for peroxiredoxin activity because the C76A
mutant retained ~25% of the wild type Prx activity. Only
one cysteine of the Grx active site (Cys-27) is essential
for peroxiredoxin catalysis, indicating that Grx can act
in this reaction either via a dithiol or a monothiol path-
way. The creation of covalent heterodimers between Prx
and Grx mutants confirms that Prx Cys-51 and Grx
Cys-27 are the two residues involved in the catalytic
mechanism. The integration of a third cysteine in posi-
tion 152 of the Prx, making it similar in sequence to the
Trx-dependent human Prx V, resulted in a protein that
had no detectable activity with Grx but kept activity
with Trx. Based on these experimental results, a cata-
Iytic mechanism is proposed to explain the Grx- and
Trx-dependent activities of poplar Prx.

Peroxiredoxins (Prxs)* constitute a recently discovered fam-
ily of non-heme peroxidases present in all organisms from
prokaryotes to eukaryotes, and they catalyze the reduction of
various hydroperoxides into the corresponding alcohol and wa-
ter (1). Currently, these proteins are the subject of numerous
studies because their function seems to be particularly impor-
tant in the detoxification of reactive oxygen species that can
cause serious damage to the nucleic acids, proteins, and lipids
(2—4). Prx is also involved in the control of signal transduction
by modulating the reactive oxygen species-mediated cellular
responses and by regulating transcription factors (5-7).

All the Prx isoforms have in common a conserved catalytic
cysteine, localized in the N-terminal part of the protein, that is
converted into a sulfenic acid by hydroperoxides (8). This cys-
teine was demonstrated by site-directed mutagenesis to be
essential for catalysis (9). Based mainly on the number of

* The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.
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conserved cysteines, a classification has been proposed for the
multiple existing Prxs. The 1-Cys Prxs mediate the reduction of
H,0, with the use of an unknown proton donor, which could be
Trx for a mitochondrial 1-Cys Prx from Saccharomyces cerevi-
siae (10, 11). Recently, human cyclophilin A was identified as
an electron donor to the mammalian Prx VI, the only mamma-
lian 1-Cys Prx characterized, and also to all known mammalian
Prxs (12). Among the Prxs with two conserved cysteines, at
least three classes can be distinguished, according to the posi-
tion of the cysteines. The first class, comprising mammalian
Prx V, includes monomeric enzymes that form an intramolec-
ular disulfide bridge as a reaction intermediate (13, 14). The
second class is formed by the homologues of the bacterioferritin
co-migratory protein, which are also shown to be monomeric
enzymes with an intramolecular disulfide bridge in the oxi-
dized state (15, 16). In this second class, the spacing between
the two cysteines that are part of the disulfide bridge is con-
siderably shorter, consistently containing 4 amino acids, in-
stead of the ~100 amino acids for the first class. The third
class, which includes mammalian Prx I to IV, consists of di-
meric enzymes that form an intermolecular disulfide bridge
between two identical subunits (14, 17). Despite these differ-
ences, the three types of 2-Cys Prx use Trx as a proton donor.

In a previous report, a poplar phloem Prx was characterized
(18). This Prx is a small protein of 162 amino acids that con-
tains only two cysteines in position 51 and 76. The primary
sequence is quite different from that of the 1-Cys Prxs and most
of the 2-Cys Prxs, especially because of the distance that sep-
arates the two cysteines. An unexpected finding was that this
Prx could use Trx but also Grx as a proton donor for its catal-
ysis (18). This Prx has been referred to as type C Prx, whereas
the other 2-Cys Prxs, which use only Trx, were referred to as
type A Prx, and 1-Cys Prxs were referred to as type B Prx.
Among the biochemically well-characterized Prxs, one of the
closest proteins is the mammalian Prx V. This enzyme also
comprises 162 amino acids and displays 40% identity to poplar
Prx at the amino acid level. A notable difference is the presence
of an additional cysteine in position 152 that is linked together
with Cys-51 to form an intramolecular disulfide bridge in Prx V
(14). A Prx from Chinese cabbage, highly homologous to poplar
Prx, was also shown to be a Trx-dependent enzyme, but no
attempt was made to evaluate the potential for Grx as a proton
donor in this work (19). To get a better understanding of the
catalytic mechanism of this Grx-dependent Prx, cysteinic mu-
tants of Grx and Prx have been created by site-directed mu-
tagenesis. Based on kinetic measurements and the creation of
heterodimers, a new mechanism for the Grx-dependent Prx
activity is proposed.

EXPERIMENTAL PROCEDURES

Materials—NADPH was obtained from Roche Molecular Biochemi-
cals; diamide, B-mercaptoethanol, glutathione reductase, and reduced
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tity, the colon corresponds to functional
homology, and the period corresponds to
structural homology.

glutathione were from Sigma. Dithiothreitol, isopropyl-1-thio-g-D-ga-
lactopyranoside, kanamycin, and ampicillin were from Fermentas.

Cloning and Mutations of Grx and Prx—The procedures for the
isolation of the ¢DNAs and their subsequent cloning in expression
plasmids are described in Refs. 18, 20, and 21. The mutagenesis of
poplar Grx was effected as we described (31). The Prx mutants C51A,
C76A, and V152C were generated by PCR using the oligonucleotides
shown below (Ncol and BamHI sites are underlined, mutagenic bases
are in bold).

Cloning oligonucleotides were as follows: direct, 5'-GGGGCCATGG-
CCCCGATTGCTGTTGGT-3’; and reverse, 5'-GGGGGGGATCCTCAA-
AGATCCTTGAGGATATCCTCGGCACT-3'. Mutagenic oligonucleo-
tides were as follows: C51A direct, 5'-GCCTTCACCCCCACCGCCAG-
CTTGAAGCATGTG-3'; C51A reverse, 5'-CACATGCTTCAAGCTGGC-
GGTGGGGGTGAAGGC-3'; C76A direct, 5'-GTTACTGAAATTTTGGC-
CATCAGCGTCAACGAC-3'; CT6A reverse, 5'-GTCGTTGACGCTGAT-
GGCCAAAATTTCAGTAAC-3'; V152C direct, 5'-GGGGGTGGAGAAT-
TCACTTGCTCCAGTGCCGAGGATATC-3'; and V152C reverse,
5'-GATATCCTCGGCACTGGAGCAAGTGAATTCTCCACCCCC-3'.

The mutated PCR products that contained the restriction sites were
in turn cloned into the expression plasmid pET-3d, yielding the con-
structions pET Prx C51A, pET Prx C76A, and pET Prx V152C. The
sequences of the recombinant plasmids were verified by sequencing.

Expression and Purification of the Recombinant Proteins—All proce-
dures for the expression and purification of Arabidopsis thaliana
NADPH Trx reductase, poplar Trx hl, and WT and mutant Grx are
described elsewhere (20, 21, 23, 31). For the expression of Prx, the
recombinant plasmids were used to transform Escherichia coli strain
BL21(DE3), which was also co-transformed with the plasmid helper
pSBET as described previously (18, 24). Because preliminary experi-
ments indicated that Prx is susceptible to oxidation, all purification
steps for the wild type and the three mutant proteins were done in the
presence of 14 mM B-mercaptoethanol.

Thiol Content Titration—The thiol content of each protein prepara-
tion was measured using the DTNB procedure. To eliminate the 8-mer-
captoethanol, 1 mg of each protein was incubated with 10% trichloro-
acetic acid for 30 min on ice. The mixture was then centrifuged for 15
min at 13,000 rpm, and the pellet was washed three times with 1 ml of
2% trichloroacetic acid. The pellet was resuspended in 100 mM Tris-
HCI, pH 8, and 1 mM EDTA, and the protein concentration was deter-
mined by measuring the absorbance at 280 nm. SDS was then added to
a final concentration of 1%, and the reaction was started by adding 100
uM DTNB. The reaction mixture was stored in the dark for 20 min, and
the absorbance at 412 nm was measured. A second measurement was
performed after a 30-min incubation in the dark. Both measurements
gave identical results. Similar results were obtained when we used 80%
acetone as a precipitant instead of trichloroacetic acid.
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Prx Activity Measurement—The reduction of H,O, by poplar Prx in
the presence of the Trx or Grx system was followed spectrophotometri-
cally using a Cary 50 spectrophotometer as described in Ref. 18. The
activities were measured at a fixed concentration of Prx (2.5 uM) and at
variable concentrations of Grx or Trx.

Formation and Separation of the Heterodimers—1.25 pg of Prx and
Grx were mixed in the presence of TE buffer (30 mum Tris-HCI, pH 8, and
1 mM EDTA) to a final volume of 10 ul. This reaction mixture was
incubated at room temperature for 2—3 min before the addition of 10 mM
diamide. The mixture was incubated at room temperature for 20 min
and then subjected to 14% SDS-PAGE in the presence of an equivalent
volume of a nonreducing sample buffer (0.5 M Tris-HCI, pH 6.8, 4% SDS,
20% glycerol, and bromphenol blue) (25). When needed, 10 mu dithio-
threitol or 20-50 mM glutathione was added after incubation in the
presence of diamide to reduce the covalent disulfide adducts between
Prx and Grx.

Western Blotting—2 pl of the mixture described above were subjected
to 14% SDS-PAGE before transfer. The immunodetection using the
Immune Star Goat Anti Rabbit Detection Kit from Bio-Rad was per-
formed as described in Ref. 18. Rabbit pelyclonal antibodies against
Trx, Grx, and Prx were purified onto affinity columns according to the
procedure described for Prx antibodies in Ref. 18.

RESULTS

Homologues of Poplar Prx among Other Species—A previous
study has indicated that poplar Prx differs from the other
peroxiredoxins characterized thus far, essentially by the posi-
tion of the conserved cysteine residues and by the overall
length of the sequence (18). As detailed in the “Introduction,”
this class of new Prxs was called type C Prx, whereas 2-Cys
Prxs were named type A Prx, and 1-Cys Prxs were called type
B Prx. A number of sequences similar to type C poplar Prx have
now appeared in the literature, and an amino acid comparison
of some of the closest relatives is given in Fig. 1. Poplar Prx is
strongly homologous to the other plant Prxs of its class (76%,
81%, and 82% amino acid identity with Oryza sativa, Brassica
rapa, and A. thaliana, respectively) and also to the well-char-
acterized PMP20 protein from Candida boidinii and to the
human Prx V (42% and 40% amino acid identity, respectively)
(Fig. 1). Nevertheless, an important difference is the presence
of an additional cysteine in human Prx in position 152; the
poplar and all other nonmammalian sequences do not possess
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TabBLE I
Relative activities of the various Prx preparations with Trx and Grx
Data are expressed in umol of NADPH oxidized/min/mg protein. The
measurements were effected at 30 °C with 2.5 uM Prx in the presence of
2.5 uM Trx or Grx. Initial Grx corresponds to the construction pET-Grx
1B, and improved Grx corresponds to pET-Grx 3 as described in Ref. 20.
1.d., limit of detection.

Initial Grx Improved Grx Trx
Prx oxidizing conditions 1d. 3.55 0.55
Prx reducing conditions 1.d. 4.02 0.82

this additional cysteine. This particularity is examined here in
terms of catalytic efficiency.

Improvement of the Purification of Wild Type Prx and
Grx—In a previous work, we have shown that type C Prx could
use both Grx and Trx as proton donors for catalysis. In this
initial work, rather high concentrations of Trx or Grx were
required in the in vitro measurement of peroxidase activity
(18). Moreover, the specific activity of the enzyme remained
low. We have improved this system in two respects: (i) the
truncated form of poplar Grx, which was used in the earlier
experiments, was replaced by a C-terminal-extended protein,
which was both more stable and more active (20); and (ii)
because we observed that Prx was susceptible to oxidation, its
purification and subsequent storage were carried out in the
presence of B-mercaptoethanol to avoid an irreversible oxida-
tion of the catalytic cysteine. These changes resulted in a
considerable enhancement of enzymatic activity, as shown in
Table I. At a saturating Grx concentration (~10 uMm), the max-
imal specific activity of the enzyme is 8 pumol NADPH oxidized/
min~/mg protein~’. This value is similar to those reported for
human peroxiredoxins and the E. coli bacterioferritin co-migra-
tory protein (10, 14, 15). The specific activities recorded under
the conditions of Table I suggest that Grx might be a better
donor than Trx for poplar Prx. The maximal specific activity at
a saturating Trx concentration estimated from the results in
Fig. 3, 1.5 umol NADPH oxidized/min~Y/mg protein~?, also
agrees with that proposal. However, these data should be
treated with caution because the assays for Prx activity are
indirect and involve the coupling of several components.

Production of Mutant Proteins by Site-directed Mutagene-
sis—T'wo monocysteinic mutants, called C27S and C30S, have
been created to modify the active site of poplar Grx (31). In
addition, the mutants C51A, C76A, and V152C have been en-
gineered to explore the reactivity of poplar Prx. All these cys-
teinic mutants were purified in the presence of g-mercaptoeth-
anol to avoid undesired dimerizations. Fig. 2 shows that all Grx
and Trx hl preparations are highly homogeneous. As observed
previously, all Prx preparations exhibited a protein doublet
that cannot be eliminated by the addition of an excess of re-
ductant (18). The reason for this behavior is unknown, but all
biochemical and structural evidence gathered otherwise indi-
cates that the protein is nevertheless highly homogeneous.
Several reports in the literature indicate that the catalytic
cysteine of peroxiredoxins can be transformed into sulfenic,
sulfonic, or sulfinic acids, and this has been proposed as the
reason for the formation of apparent protein doublets (10). The
titration results with DTNB do not really support such a hy-
pothesis for the poplar protein (see below). Besides, as observed
previously, if such a modification occurs, it is not the result of
the purification procedure because similar protein doublets
were observed after direct lysis of freshly harvested bacteria
(data not shown).

Thiol Titration of the Recombinant Proteins—The thiol con-
tent of all protein preparations has been estimated using the
DTNB method. All titrations were made on enzymes that were
freed from reductant and after the addition of SDS (see “Ex-
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Fic. 2. Analysis of purified recombinant proteins by SDS-
PAGE. 14% SDS-PAGE under reducing conditions showing recombi-
nant Trx, Grx, and Prx samples. Lane a, WT Trx hl; lane b, WT Prx;
lane c, Prx C51A; lane d, Prx CT6A; lane e, Prx V152C; lane f, WT Grx;
lane g, Grx C27S; lane h, Grx C30S.

perimental 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 II. For Grx,
the results are quite simple; nearly two thiols are titrated for
the reduced WT protein, and no SH group is present in the
oxidized WT protein, suggesting that the two Cys residues are
indeed linked in a disulfide bridge. The monocysteinic mutants
of Grx give values around 1 SH/mol protein, as expected. For
Prx, the results are more complex to analyze and depend on
whether the protein was isolated in the presence or absence of
a reductant. When prepared under nonreducing conditions, the
WT Prx shows nearly 2 SH/enzyme monomer, and it appears
that the C51A and C76A mutants are partially oxidized be-
cause values lower than 1 SH/mol were recorded. The V152C
mutant gives a value of 2.6 SH/mol, nearly in agreement with
the expected 3 SH/mol. When the Prx preparations were made
in the presence of a the monothiol reductant g-mercaptoetha-
nol, very contrasting results were obtained. The C51A mutant
showed nearly 1 SH/mol, but all other preparations had a thiol
content that was reduced by about 1 SH group compared with
the expected theoretical value. We interpret this as the result
of a likely interaction between the thiol group of Cys-51 and
B-mercaptoethanol that can give rise to a mixed disulfide that
cannot be titrated with DTNB. As Prx preparation treated with
the dithiol reductant dithiothreitol titrate as the enzyme pre-
pared under oxidizing conditions, this formation of mixed di-
sulfide is postulated to be specific for f-mercaptoethanol. Such
a behavior has already been described for the bovine 1-Cys
peroxiredoxin (26). Alternatively, because the thiol titrations
are not always in perfect agreement with the theoretical val-
ues, this could also indicate that a portion of the peroxiredoxin
molecules is in a denatured oxidized form with an internal
disulfide bridge as described by Kang et al. for human 1-Cys
Prx (10) or that a portion of the catalytic cysteine is in an
oxidized form.

Peroxidase Activity of the Mutant Peroxiredoxins—The cata-
Iytic capacity of all Prx mutants has been evaluated in the
presence of the various engineered Grxs as proton donors. This
has been tested in a coupled enzymatic reaction where the
peroxiredoxin-catalyzed conversion of H,0, is linked to
NADPH oxidation via glutathione reductase, glutathione, and
glutaredoxin. We have shown previously, using the 2-hydroeth-
yldisulfide and dehydroascorbate reduction tests, that Cys-27
is the catalytic residue of Grx, and Cys-30 is generally dispen-
sable in those reactions (31).

Fig. 3 shows the H,0,-dependent NADPH oxidizing activi-
ties of the various engineered peroxiredoxins as a function of
Grx concentrations ranging from 0.5 to 20 pM. Only four com-
binations were found to promote catalysis. The best reactivity
was obtained when WT Prx was associated with WT Grx. The
mutation of Cys-30 of Grx (C30S) has little effect because the
rate of catalysis with this mutant is nearly identical to the one
obtained with WT Grx. The other associations that are catalyt-
ically competent are those between Prx C76A and Grx WT or
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TasLE II
Thiol content of Grx and Prx purified under oxidizing or
reducing conditions
Thiols were titrated using the reduction of DTNB as described under
“Experimental Procedures.” Data are expressed in mol SH/mol enzyme.
n.d., not determined. The 8.D. is typically + 0.2 SH/mol SH.

Oxidizing conditions Reducing conditions

Grx WT 0.05 1.67
Grx C278 nd. 0.88
Grx C30S n.d. 0.93
Prx WT 1.7 0.9

Prx C51A 0.28 0.87
Prx C76A 0.33 0.19
Prx V152C 2.6 14
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Fic. 3. Grx-dependent Prx activities. H,0, consumption by pop-
lar Prx in the presence of the Grx system was followed in the coupled
reaction system by NADPH oxidation/min as a function of Grx concen-
tration. The WT and mutant Prx were associated in this test with each
of the Grxs: WT Prx assaciated with WT Grx (O) or Grx C308S (A), Prx
CT76A associated with WT Grx (O) or Grx C30S ((0). Prx C51A associ-
ated with any Grx, Prx V152C associated with any Grx, WT Prx asso-
ciated with Grx C278S, and Prx C76A associated with Grx C27S (X).

C30S. However, the activities of the C76S mutant are reduced
by approximately 75% compared with those recorded with WT
Prx. Another observation is that the Prx C51A and V152C
enzymes are completely inactive with Grx as a proton donor. A
last piece of information is that the C27S mutant of Grx is
unable to promote catalysis for all Prxs tested.

Fig. 4 presents the catalytic activity of the Prx enzymes, in
the presence of WT Trx as a proton donor. In this case, the Grx
generating system was replaced by the Trx system, which is
composed of the A. thaliana NADPH thioredoxin reductase and
poplar Trx hl (18). The reduction of poplar Trx by the Arabi-
dopsis NADPH thioredoxin reductase was previously shown to
be functional using the DTNB reduction test (21). In general,
similar results were obtained with the Trx system: the WT Prx
was the most active catalyst, the mutation C51A abolished
catalysis, and C76A had a depressing effect. The most striking
difference is that the V152C protein, which was inactive with
Grx as a proton donor, was catalytically active with Trx (Fig. 4,
4). No saturation of Prx V152C enzyme activity could be re-
corded with Trx up to concentrations of 50 uM (data not shown).

From the data in Figs. 3 and 4, K|, values can be determined
to characterize interactions between Prx and Grx or Trx. Sim-
ilar values were obtained for Grx and Trx (2.5 and 3 uM,
respectively). These values are in good agreement with other
parameters published in the literature for Trx (14).

Heterodimer Formation—The mutation of the cysteine that
is potentially involved in the breaking of the mixed disulfide
intermediates stabilizes the heterodimers between Trx or Grx
and their interacting partners (27). We have taken advantage
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Fic. 4. Trx-dependent Prx activities. H;0, consumption by poplar
Prx in the presence of the Trx system was followed in a coupled reaction
system by NADPH oxidation/min. Activities are plotted as a function of
poplar Trx hl concentration. WT Trx with WT Prx, A; Prx V152C, ¢;
Prx C76A, B; Prx C51A, @.

of that property to create heterodimers between the peroxire-
doxin and glutaredoxin molecules. The covalent heterodimer
formation was greatly improved using the oxidant diamide.
The four different Prx preparations (WT, C51A, C76A, and
V152C) were incubated with three different versions of the Grx
(WT, C27S, and C30S). Fig. 5 shows the results of these asso-
ciations. In all assays, the Grx polypeptide is present with an
apparent molecular mass of 15 kDa and the Prx is present with
the usual doublet at ~18 kDa. By running the proteins indi-
vidually and based on the molecular mass determinations, we
could assess the additional polypeptides as follows: the 30-kDa
polypeptide is likely a Grx dimer, the 33-kDa polypeptide a
heterodimer, and the 37-kDa polypeptide is a Prx dimer. Fig. 5
shows that a heterodimer is efficiently created when using Grx
C30S together with either WT Prx (lane ¢) or Prx C76A (lane i)
and is created much less efficiently with Prx V152C (lane k).
The Grx C27S mutant was also able to create heterodimers
with the same Prx preparations, but with a much reduced
efficiency (lanes b, k, and k). Strikingly, Prx C51A is the only
preparation that does not form any dimer with all Grx (lanes
d—f), indicating that this residue is an essential partner in the
redox interaction. The WT Grx is unable to create any stable
association with any Prx (lanes g, d, g, and j). Finally, a major
additional polypeptide of ~48 kDa is present in the interaction
between Grx C30S and Prx V152C. This high molecular mass
could correspond to a Prx linked with two Grx molecules.

The nature of these polypeptides was confirmed by Western
blotting experiments. As shown in Fig. 6, anti-Grx antibodies
do not react with Prx (lane f) and vice versa (lane g). This
experiment reveals that the band at 30 kDa is indeed a Grx
dimer (lane d), the one at 33 kDa is a heterodimer between Grx
and Prx (lanes e and &), and the one at 37 kDa is a dimer of Prx
(lane 1).

A further confirmation of the nature of the heterodimer is
shown in Fig. 7. The heterodimer generated in the presence of
diamide can be reduced in the presence of excess dithiothreitol
or reduced glutathione (Fig. 7, lanes b and d). The disappear-
ance of the heterodimer polypeptide after reduction confirms
that the two chains are indeed linked together via a disulfide
bond.

DISCUSSION

The poplar Prx described here is the only characterized Prx
that accepts both Grx and Trx as an electron donor, whereas
mammalian peroxiredoxins were shown to use only Trx or an
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F16. 5. Formation of heterodimers between poplar Prx and
Grx. Nonreducing 14% SDS-PAGE showing each Prx incubated with
each Grx in the presence of diamide. Lanes a—c, WT Prx; lanes d—f, Prx
C51A; lanes g—i, Prx C76A; lanes j—I, Prx V152C. These Prxs were
incubated with WT Grx (lanes a, d, g, and j), Grx C27S (lanes b, e, k, and
k), or Grx C30S (lanes ¢, f, i, and ). Arrows indicate the position of the
monomeric enzymes and the dimers.
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Fic. 6. Immunodetection of the heterodimers. A, Coomassie
Blue staining of nonreducing 14% SDS-PAGE. Lane a, Grx C308S alone
+ diamide; lane b, Grx C30S + WT Prx + diamide; lane ¢, WT Prx alone
+ diamide. B, Western blot experiment with anti-Grx antibodies. C,
Western blot experiment with anti-Prx antibodies. Lanes d—f and g—i
correspond to lanes a—c described in A.
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Fic. 7. Dissociation of the heterodimers by reductants. The
heterodimers between Prx and Grx C56S were prepared in the presence
of 1 mM diamide (lare a) and then tentatively reduced with 10 mm
dithiothreitol ({ane b), 20 mM glutathione (lane ¢), or 50 mM glutathione
(lane d), always in the presence of diamide.

unidentified donor as a proton source (14, 18). The poplar
enzyme studied in this report is clearly a homologue of human
Prx V (14). Both proteins are monomeric and contain 162 amino
acids. The major difference between the two enzymes is their
cysteine content. The poplar Prx possesses two cysteines at
positions 51 and 76. These residues are conserved in human
Prx V, but there is an additional cysteine in position 152. This
cysteine residue is present only in the mammalian sequences
and not in the plant homologues of poplar Prx or the C. boidinii
sequence (Fig. 1). Mutagenesis studies on human Prx V have
shown that this protein belongs to a new class of Prxs (14).
Site-directed mutagenesis has clearly shown that Cys-47 is the
catalytic residue on this protein, similar to all other peroxire-
doxins. The catalytic mechanism of human Prx V necessitates
both Cys-47 and Cys-152 when the donor is thioredoxin or
necessitates Cys-47 alone with dithiothreitol as a donor. Mu-
tagenesis studies indicate that Cys-72 is not involved in the
reactivity of this protein.

Given the strong similarity between human Prx V and poplar
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Fi1G. 8. Mechanisms for Grx-dependent Prx catalysis. Proposed
catalytic mechanism of the WT Prx reduction supported by WT Grx (A)
or by the mutant Grx C30S (B). Closed circles indicate the N terminus
of Prx.

Prx and also the specificity of the plant enzyme (to use also Grx
as a proton donor), it was of interest to examine the reasons for
the unique properties of the plant protein. We have investi-
gated this by a combination of site-directed mutagenesis, ki-
netic measurements, and the construction of covalently linked
hybrid molecules between Prx and Grx. The results presented
here indicate clearly that Cys-51 of Prx is the catalytic cysteine.
The mutation of Cys-76 into an alanine does reduce the cata-
lytic efficiency of the enzyme by approximately 75%, but nev-
ertheless, the protein remains active with Grx as a proton
donor, a behavior strikingly different from that of the C51A
mutant, which is completely inactive. The biochemical data
gathered in this study suggest that poplar Prx is a monomeric
enzyme (very little dimer is present in the preparations ana-
lyzed by nonreducing SDS-PAGE irrespective of the conditions
used for preparation of the protein). Moreover, the thiol titra-
tions do not support the presence of a disulfide bridge between
Cys-51 and Cys-76 on this protein. We postulate thus that the
decrease in catalytic efficiency of the C76A mutant is linked to
a modification of the microenvironment of the catalytic cysteine
because of the introduction of the alanine residue in place of
Cys-76. It is noteworthy that a slightly different mutation has
been made in the case of human Prx V (C72S instead of C76A
here), and this might be a reason for the different behavior of
the plant mutant. Another line of evidence that Cys-76 is
probably not involved in the redox mechanism of this Prx type
is that this residue is absent in the two very closely related O.
sativa and C. boidinii sequences (see Fig. 1). Moreover, a three-
dimensional structure was recently published for the human
Prx V (28). It shows that the sulfur atom of Cys-47 is 7.5 A
away from that of Cys-72, suggesting that the two residues are
indeed not linked by a disulfide bridge unless there is an
important conformational change.

The mutagenesis experiments presented here also provide
experimental evidence for the Grx-dependent catalytic mecha-
nism of poplar Prx. From the heterodimer experiments, it is
clear that the two residues that interact between Prx and Grx
are Cys-51 and Cys-27, respectively. The absence of het-
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erodimer formation in the presence of the WT Grx is a clear
indication that Cys-30 of Grx is the backup cysteine responsible
for the breaking of the heterodisulfide. A scheme for the reac-
tion of Prx in the presence of WT Grx is shown in Fig. 84. As for
the other Prx, the catalysis proceeds through the formation of
a sulfenic acid on Cys-51. The latter is reduced, and a disulfide
bond is formed with Cys-27 of Grx with the release of one water
molecule. The heterodisulfide is then broken by Cys-30 of Grx,
and the reoxidized Grx molecule is regenerated by reduced
glutathione. Fig. 8B shows the alternative catalytic cycle in the
presence of a monocysteinic Grx (C30S). As in Fig. 84, the
sulfenic acid of Cys-51 is reduced via Cys-27 of Grx. The het-
erodimer is then broken by either glutathione or another mono-
cysteinic Grx molecule, The glutathionylated Grx or the di-
meric Grx is then reduced via glutathione.

Given the rather high similarity between poplar Prx and
human Prx V, it is rather surprising that the latter protein was
not found to use Grx as a donor as well (14). However, there is
one important difference between the human and the poplar
enzyme: the presence of Cys-152, which participates in the
formation of an intramolecular disulfide bridge in the human
enzyme, and its absence in the plant protein. Qur results
clearly indicate that WT Prx and mutant C76A can both use
Trx and Grx as donors, Both these enzymes, unlike the mam-
malian protein, lack Cys-152. When we engineered the plant
protein and produced the V152C mutant that is similar to the
mammalian protein, this enzyme conserved activity with Trx
as a donor but lost its capacity to use Grx as a reductant. The
maximal activity obtained with the Prx V152C mutant is sim-
ilar to that described for human Prx V. The poplar protein has
thus acquired a behavior similar to that of the mammalian
protein. Because we could observe that Grx C27S is still able to
bind to the V152C mutant but produces higher molecular mass
complexes that are likely to contain two Grx molecules at-
tached/monomer Prx, we postulate that the reason for the
absence of catalytic activity of the V152C mutant with Grx is a
due to a steric hindrance because of the fizxation of the two Grx
molecules.

It has been shown that ribonucleotide reductase cannot use
monocysteinic Grx as a proton donor. Other reactions catalyzed
by Grx (dehydroascorbate, 2-hydroethyldisulfide reduction) re-
quire either a monocysteinic Grx or the protein that contains
two thiols (29). Clearly, both versions of Grx are able to pro-
mote the catalysis of Prx, On the other hand, the monocysteinic
mutant of thioredoxins is essentially inactive with the targets
that have been characterized thus far (30). We have also gen-
erated a single cysteinic mutant of poplar Trx hl in which the
noncatalytic cysteine is replaced by a serine (C42S), and we
observed that it is unable to promote catalysis with any Prx
(data not shown). Thus, Trx is also unable to function in a
monothiol pathway in this system. This is a further indication
that the monothiol pathway discovered with Grx is very specific
for this type of protein, Interestingly, there are many naturally
occurring monocysteinic Grxs in plants. Based on these obser-
vations, it will be of very high interest to compare the relative
efficiencies of the corresponding proteins for Prx catalysis. The
identity of the ultimate physiological donor for poplar Prx is
thus still an open question. It is noteworthy that several se-
quences in the data bases indicate the presence of fusion pro-
teins between a close homologue of poplar Prx and Grx but not
Trx (18, 22). In most of these sequences, the position of the two
cysteines is conserved relative to poplar Prx. Based on the
amino acid comparisons, it is relatively safe to assume that the

Glutaredoxin-dependent Poplar Peroxiredoxin

Brassica and Arabidopsis proteins should be able to use Grx as
a donor as well. Whether this type is restricted to plants is still
an open question.

Because the mutagenesis results suggest that the interaction
sites for Grx and Trx are different on the plant Prx, it will be
very interesting to map the areas of contact between the mol-
ecules, possibly by crystallizing the covalent complexes and
solving its three-dimensional structure. The successful creation
of disulfide-linked heterodimers between WT Prx and Trx hl
C428S should also help in this respect (data not shown). The
solution of the three-dimensional structure of poplar Prx
should also help us to understand why this protein accepts two
donors, but human Prx V does not. The resulits obtained in this
study suggest that Cys-152 is a critical residue for this prop-
erty, but other domains of the proteins may be equally impor-
tant as well.
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Parmi les 4 groupes distincts de Prx chez les plantes, aucune structure n’a été
obtenue jusqu’a présent que ce soit par RMN ou cristallographie. Seules 9 structures
de Prx ont été résolues. Aux 6 structures déja décrites dans cet article, s’ajoutent
maintenant une autre forme de la Prx V (code PDB 1HD2), une Ahpc de Salmonella
thyphimurium (code PDB 1KYG) et une protéine de fusion d’Haemophilus influenzae
entre des modules Grx et Prx (code PDB 1NM3). Deux formes de cristaux ont été
obtenues pour la Prx sauvage et diffractent & 1.62A et 2.48A et une seule forme pour
Prx V152C qui diffracte a 2.17A. La structure de la Prx de type Il a été déterminée
par remplacement moléculaire par rapport a la structure de la Prx V humaine puisque
les deux protéines possédent une identité de séquence de 42% et sera présentée

dans un prochain article.
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Crystallization and preliminary X-ray data of a
bifunctional peroxiredoxin from poplar

Two variants (wild type and V152C mutant) of a bifunctional poplar
peroxiredoxin have been overexpressed in Escherichia coli cells. The
two recombinant enzymes were purified and crystallized using the
hanging-drop vapour-diffusion technique. Data sets were collected to
1.62 and 2.48 A resolution using X-ray synchrotron-source radiation
from two crystal forms of wild-type peroxiredoxin which belonged to
the monoclinic space group P2, (with unit-cell parameters a = 59.26,
b = 68.80, c = 75.71 ;\, B = 93.45°) and to the orthorhombic space
group P2,2,2 (with unit-cell parameters a = 64.70, b = 130.73,
c = 35.59 A), respectively. Data were also collected to 2.17 A
resolution using a home X-ray source from a V152C peroxiredoxin
crystal which belongs to the triclinic space group (P1), with unit-cell
parameters a = 36.65, b = 41.53, ¢ = 58.06 A, a = 7052, §=934S,
y = 64.31°. Phases have been obtained using molecular replacement
with the structure of human peroxiredoxin V (PDB code 1hd2) as a

Received 11 April 2002
Accepted 3 July 2002

search model. Refinement of the structures is in progress.

1. Introduction

Peroxiredoxins (PRX) are non-haem per-
oxidases which catalyse the conversion of
alkylhydroperoxides into the corresponding
alcohol and water in the presence of an
adequate electron/proton donor according to
the equation

ROOH + R'(SH), > ROH + H,0 + R'SS.

Peroxiredoxins are ubiquitous enzymes from
bacteria to mammals and are generally over-
expressed when the cells are subjected to
oxidative stress, a condition where H,0; is
produced in massive amounts (Kang, Chae et
al., 1998). They also play a role in apoptosis or
in the regulation of transcription factors
(Zhang et al., 1997; Zhou et al., 2000). As the
proton donor is mostly the small ubiquitous
protein thioredoxin, it has also often been
called thioredoxin peroxidase. Other variants
have been named AhpC and tryparedoxin
peroxidase (Poole, 1996; Montemartini et al.,
1998). Several classes of peroxiredoxins can
be differentiated based on their catalytic
mechanisms and sequences. All the peroxi-
redoxins possess a conserved catalytic cysteine
surrounded by conserved amino acids with the
consensus sequence FT(P/F)(V/G/T)C(P/T/S).
In the course of catalysis, this catalytic cysteine
is transformed into a sulfenic acid which is
regenerated into a thiol group, generally in the
presence of thioredoxin as an electron donor
(Kang, Baines et al.,, 1998). In the so-called
2-Cys peroxiredoxins, catalysis proceeds

through the formation of either an intramole-
cular disulfide between the catalytic cysteine
and another conserved cysteine or of an
intermolecular disulfide between two head-to-
tail peroxiredoxin monomers (Kong et al,
2000). In another type, called the 1-Cys
peroxiredoxins, only the catalytic cysteine is
necessary and the thiol-regenerating system is
either thioredoxin or an unidentified thiol
component that can be replaced by dithio-
threitol in vitro (Kang, Baines e al, 1998;
Pedrajas et al, 2000). A third type, recently
characterized in poplar (Populus trichocarpa),
is an atypical 2-Cys peroxiredoxin which
contains the conserved catalytic Cys and
another Cys, the position of which is conserved
in this third group, It differs however from the
position of the second Cys of the 2-Cys
peroxiredoxins and, in addition, it is not
necessary for catalysis (Rouhier et al., 2002).
This protein is a bifunctional enzyme which
can use thioredoxin as a proton donor but
exhibits preference for a related protein,
glutaredoxin, which is itself reduced by
NADPH, glutathione reductase and gluta-
thione, instead of NADPH and thioredoxin
reductase as required for thioredoxin (Rouhier
et al., 2001).

In mammals, there are at least six genes
coding for peroxiredoxin and the corre-
sponding proteins play a prominent role in
fighting oxidizing species, since they are
produced at very high levels in several tissues
(Seo et al.,, 2000). Currently, six structures are
known for peroxiredoxins: three are of human
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proteins (PDB codes 1prx, 1h40, 1qmv), a
fourth is a rat enzyme (PDB code 1qq2) and
the two remaining are enzymes from
Crithidia fasciculata (PDB code 1leZy) and
Mpycobacterium tuberculosis (PDB code
1knc) (Choi et al., 1998; Hirotsu et al., 1999;
Alphey et al., 2000; Schroder e al., 2000;
Declercq et al., 2001). All are X-ray struc-
tures that are related to the thioredoxin fold.
Although biochemical evidence indicates
that peroxiredoxins function either as
dimers or as monomers, several of these
structures reveal that this enzyme can
organize as decamers. Whether this is of
physiological significance remains to be
determined. Of the known structures, five
correspond to 2-Cys peroxiredoxins and one
to a 1-Cys peroxiredoxin.

The poplar enzyme recently identified and
characterized is a very interesting protein
because it is the only enzyme that is able to
use glutaredoxin efficiently as an electron
donor. It is thus likely that the sites of
protein—-protein  interaction should be
different on the poplar enzyme compared
with the other peroxiredoxins described so
far. In addition, unlike mammalian or
bacterial enzymes, there are no structural
data concerning peroxiredoxins in plants.
Interestingly, we have also shown that the
simple mutation V152C transforms the
bifunctional peroxiredoxin into an enzyme
which can use only thioredoxin as an elec-
tron donor (Rouhier er al, 2002). In this
respect, the poplar V152C mutant behaves
more like its human homologue, peroxir-
edoxin V (Seo et al.,, 2000; Rouhier er al.,
2002). We report here preliminary crystal-
lization data concerning the wild type (WT)
and the V152C mutant of poplar peroxir-
edoxin.

2. Results and discussion
2.1. Cloning, expression and purification

The cloning and expression of WT and
V152C poplar peroxiredoxin is described in
Rouhier et al. (2002). A high-yield expres-
sion was obtained by cloning the peroxi-
redoxin ¢DNA in expression plasmid
pET-3d and cotransforming the BL21
Escherichia coli cells with the recombinant
plasmid and the helper plasmid pSBET in
order to compensate for the presence of
unfavourable Arg codons. Typically, a single
ampicillin- and kanamycin-resistant colony
was selected and successively amplified in
LB medium at 310 K to a final volume of 5 1.
The protein production was promoted by
the addition of 100 pM IPTG for 3h at
310 K. After breaking the cells by sonica-

Table 1
Data-collection statistics.

Values in parentheses refer to the highest resolution shell.

Crystal WT form I WT form II Vi152C

Space group P2, P2,2,2 Pl

Unit-cell parameters (A, °) a =59.26, b = 68.80, a=64.70, b= 3073, a = 36.65, b = 41.53,
c=17571, B=93.45 c=3559, ¢ =58.06, « = 70.52,

a=pf=y=9 B =284.68, y= 6431

Resolution (A) 1.62 (1.68-1.62) 2.48 (2.58-2.48) 217 (225-2.17)

Total reflections 294901 44949 73395

Unique reflections 79011 11600 13900

Completeness (%) 95.8 (83.5) 93.8 (90.4) 90.8 (79.5)

Renerget 0.062 (0.19) 0.044 (0.11) 0.042 (0.11)

Mean Vo(I)} 15 (4) 10 (5) 10 (5)

Mosaicity 0.67 037 048

Crystal dimensions (pm) 900 x 300 x 200 700 x 100 x 50 400 x 300 x 200

T Ruerge = 2_(I; — {1;))/ 2. I, where I is the intensity of observation I and {f} is the mean intensity of the reflection.  Io(l)is the

intensity to background ratio.

tion, the protein was purified by a combi-
nation of ammonium sulfate precipitation,
ACA 44 gel filtration and DEAE Sephacel
chromatography. Typically, 300mg of
homogeneous protein were obtained and
stored frozen in 1 ml aliquots in 30 mM Tris—
HCI pH 8.0 containing 1 mM EDTA and
14 mM B-mercaptoethanol at a concentra-
tion of 15 mgml™* at 248 K. The purity of
the fractions was monitored by SDS-PAGE.

2.2, Crystallization

The initial screenings on the two PRX
variants were carried out using the sparse-
matrix sampling approach proposed by
Jancarik & Kim (1991) and the hanging-drop
vapour-diffusion  method  (McPherson,
1999). Drops were prepared for these
initial crystallization experiments at 293 K
by mixing 2pl of protein solution
(156 mgml™ WT PRX or 10mgml™
V152C PRX) and 2 pl of reservoir solution
(800 pl). A first monoclinic crystal form
(form I) was obtained at 293K in 30%
polyethyleneglycol (PEG) 4000, 0.1 M Tris-
HCI pH 8.0 and 0.2 M Li,SO, for the WT
protein but with a very low reproducibility.
Although crystals were always obtained in
this condition, it was extremely rare to
obtain single crystals. Most of the time, the
crystals were dendritic and not suitable for
X-ray analysis. The use of these crystals to
seed pre-equilibrated droplets allowed us to
reproducibly obtain single crystals, but with
poor diffraction pattern. This crystal condi-
tion was further optimized by an extensive
search around this condition and by testing
additives (Hampton Research). Very repro-
ducible crystals, in an orthorhombic form,
were finally obtained in 26% PEG 4000,
0.1 M Tris-HCI pH 8.0, 0.2 M Li,SO, and
0.02 M L-Cys at 293 K (with an equal volume
of protein and precipitant agent in the

drops). Both crystal forms reached their
final dimensions within a week. V152CPRX
crystallized at 293 K in a similar condition
(22.5% PEG 4000, 0.075 M Tris-HCl pH 8.0
and 0.15M Li,SO,) to the WT PRX
orthorhombic form but with a different ratio
of protein to reservoir solution (3:1) in
the drops and without reducing reagent.
Reproducible mutant PRX  crystals
appeared within 5-6 d as thick plates.

2.3. Data collection and analysis

Data were collected from nitrogen flash-
frozen crystals (100 K). Prior to this, the
crystals were quickly soaked in a cryogenic
buffer composed of the reservoir solution
plus 20% glycerol and mounted in a nylon
loop. Complete data sets were collected
from the two different WT PRX forms on
beamline DW32 at LURE (A = 0.948 A,
Orsay France), whereas the V152C PRX
data collection was performed on our home
area detector (DIP2030) with a ¢ gonio-
meter using Cu Ko radiation from a
rotating-anode generator (Nonius BV,
model FR591). Indexing, integration and
merging of the data were carried out with
the HKL suite (Otwinowski & Minor, 1996).
The WT crystals (form I, obtained without
seeding) belong to the monoclinic space
group P2;, with unit-cell parameters
a=5926,b=6880,c=7571A, f=9345.
The crystal diffracted to 1.62 A, with overall
data completeness and I/o(I) of 95.8% and
15, respectively, and values of 83.5% and 4,
respectively, for the 1.68-1.62 A shell. The
Ruperge Of the data set was 0.062% overall
and 0.19% for the 1.8-1.6 A shell (Table 1).
The WT PRX orthorhombic crystals (form
1) diffracted to 2.48 A and belong to space
group P2,2,2, with unit-cell parameters
a = 64.70, b = 130.73, ¢ = 35.59 A (Table 1).
The Matthews coefficients Vi (Matthews,
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1968) for the monoclinic and the ortho-
rhombic forms were 2.22 and 2.17 A* Da™,
respectively, which correspond to 42.4 and
41.1% solvent content, respectively,
assuming four and two molecules per
asymmetric unit. The mutant V152C PRX
crystals belong to the triclinic space group
(P1), with unit-cell parameters a = 36.65,
b = 41.53, c = 58.06 A, a = 70.52, B = 93.45,
y = 64.31°. They diffracted to 2.17 A reso-
lution (Table 1). Assuming two molecules
per asymmetric unit, the Matthews coeffi-
cient Vi is 2.10 A*Da™! (39.2% solvent
content).

2.4. Phase determination

Molecular-replacement trials using the
program AMoRe (Navaza, 1994) were
performed with different modifications of
human red blood cell PRX coordinates
(PDB code 1qmv) or rat PRX coordinates
(PDB code 1qq2) used as a model (28 and
25% identity, respectively), but were
unsuccessful. Several attempts were also
made to obtain either xenon or bromide
derivatives. Finally, release of the coordi-
nates of human peroxiredoxin V (PDB code
1hd2; 42% identity) allowed the determina-
tion of the phases by molecular replacement
using AMoRe. The search model used is the

human PRX refined structure in which all
the non-aligned residues (except Gly and
Pro residues) between the poplar PRX and
human PRX V have been replaced by
alanines. Using data in the resolution range
124 A and an integration radius of 25 A, a
clear solution was obtained with two mole-
cules in the asymmetric unit for the WT
orthorhombic form, with a correlation
coefficient and an R factor of 44.9 and
44.5%, respectively (next best solution: 33.8
and 48.8%, respectively). Model building
and refinement of these three structures is
currently under way.
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Active site mutagenesis and phospholipid hydroperoxide reductase activity of

type Il poplar peroxiredoxin.
Physiol. Plant., accepté.

Deux nouvelles mutations ont été effectuées sur la Prx de type II, en se basant
sur un alignement de séquences des différents types de Prx existant et sur la structure
d’'une tryparédoxine peroxidase de Crithidia fasciculata. En effet, ces deux approches
indiquent que la thréonine en position 48, la cystéine 51 et I'arginine 129 (numérotation
de I'enzyme de peuplier) sont les trois seuls acides aminés conservés parmi toutes les
séquences. Ainsi, les protéines recombinantes Prx T48V et R129Q ont été produites et
purifiées et leur activité comparée a celle de la protéine sauvage. Ces deux mutants
sont soit faiblement actifs ou totalement inactifs. Cette perte d’activité serait due plutot a
une perte de reconnaissance du substrat que du donneur d’électrons (Trx ou Grx)
puisque ces protéines mutantes sont légérement actives en présence CUOOH. Par
ailleurs, cet article fait état pour la premiére fois d’'une activité de réduction des
phospholipide hydroperoxydes et plus précisément des phosphatidylcholine
hydroperoxydes (PCOOH), pour une Prx de plante alors que cette activité était déja
décrite pour des Prx d’autres organismes. Cette activité de réduction des phospholipide
hydroperoxydes vient d’étre mise en évidence également pour les Prx a 2 cystéines
(Konig et al., 2003). D’'un point de vue physiologique, cette activité est importante
puisque les ROS vont notamment endommager les membranes des cellules par ces

phénomenes de peroxydation des lipides.
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Abstract

The nature of the active site and the substrate specificity of poplar type Il peroxiredoxin, an
enzyme which uses preferentially glutaredoxin as an electron donor, have been investigated in
this study. The type Il peroxiredoxin is able to use phospholipid hydroperoxide nearly as
efficiently as hydrogen peroxide. Two of the hyper conserved amino acid residues in
peroxiredoxins have been altered, by site-directed mutagenesis, generating the mutants T48V
and R129Q. The two mutant proteins are inactive with hydrogen peroxide or tertiary butyl
hydroperoxide as substrates. On the other hand, the mutant enzymes catalyze the degradation
of cumene hydroperoxide with low efficiency. This suggests that the thiol-dependent
regeneration process of the catalytic cysteine is not affected by the mutations and that all

substrates are not accomodated identically in the active site.



I ntroduction

Peroxiredoxins (Prx), aso known as thiol peroxidases or thioredoxin peroxidases, are
non heme proteins which catalyze the reduction of various hydroperoxides into the
corresponding alcohol and water (Chae et al. 1994). In plants, four subclasses have been
defined taking into account the subunit composition and the position of the conserved
cysteine residues (Dietz et al. 2002, Rouhier and Jacquot 2002). The first subclass called 2-
Cys Prx is a homodimeric chloroplastic enzyme where the two subunits are linked covaently
via a disulfide bridge in the oxidized form (Cheong et al. 1999, Goyer et al. 2002, Kdnig et
a. 2002). A second group is constituted by the so-called chloroplastic Prx Q enzyme, which
functions as a monomer possessing an intramolecular disulfide bond (Kong et al. 2000).
Another type is the 1-Cys Prx, monomeric enzymes essentially restricted to seeds, containing
only one conserved catalytic cysteine (Stacy et al. 1996, Haslekas et al. 1998, Mowla et al.
2002). Finally, the fourth group is defined as type |1 Prx, an enzyme which has the peculiarity
of using thioredoxin (Trx) (Choi et al. 1999), but aso and with a better efficiency
glutaredoxin (Grx) as electron donors (Rouhier et al. 2001). Another feature of this subclassis
the existence of multiple isoforms localized in many subcellular compartments (Dietz et al.
2002, Horling et al. 2002). The catalytic cysteine which performs the attack of the peroxides
is strictly conserved in all classes but the mechanisms of reduction depend on the subtype
(Rouhier and Jacquot 2002). Sequence comparisons revea that there are very few other
conserved residues and two of those were demonstrated in trypanosoma enzymes as
participating to the active site of Prx, a threonine in position 48 and an arginine in position
129 (poplar numbering in thiswork) (Montemartini et al. 1999).

It has been reported that peroxiredoxins catalyze the reduction of a wide variety of
hydroperoxides, ranging from the most ssimple, hydrogen peroxide (H2O,), to more complex
molecules such as cumene hydroperoxide (CUOOH), tertiary butyl hydroperoxide (t-BOOH)
or phospholipid hydroperoxides (PCOOH) (Flohé et al. 2002, Manevitch et al. 2002). In
addition, yeast, plant 2-Cys Prx, bovine Prx or bacterial counterparts known as AhpC catalyze
the reduction of peroxynitrite in vitro and in vivo (Chen et al. 1998, Bryk et al. 2000,
Peschenko and Schichi 2001, Wong et al. 2002, Sakamoto et al. 2003). Moreover, a Prx from
Leishmania chagasi was also shown to perform hydroxyl radical detoxication (Barr et al.
2001).

We have earlier described a type Il Prx from poplar and detailed its molecular

interactions with the two aternative donors, Trx and Grx (Rouhier et al. 2002a). Moreover,



we have shown that poplar type Il Prx is able to catalyze the reduction of various
hydroperoxides with similar efficiency. We present here new data concerning the catalytic

mechanism and substrate specificity of this protein, two domains which have not been
extensively explored for plant enzymes.



Materials and M ethods

Plasmids, strainsand chemicals

The Escherichia coli strains used throughout this study were DH5¢. for cloning
experiments and BL21(DE3) for protein expression. The construction of the plasmids and the
purification of the recombinant wild type (WT) Prx and Grx are described in (Rouhier et al.
2001, Rouhier et al., 2002b). All chemicals and matrices used were of the highest grade and

either from Sigma chemica company or Amersham Pharmacia Biotech.

Construction of the mutagenized plasmids

The T48V and R129Q mutations were introduced by PCR using a combination of
cloning and mutagenic oligonucleotides following the methods previously described in
(Rouhier et al. 2002a). The mutagenic oligonucleotides have the following sequences :

T48V forward : 5 GTTCCCGGGGCCTTCGTCCCCACCTGCAGCTTG 3
T48V reverse: 5 CAAGCTGCAGGTGGGGACGAAGGCCCCGGGAAC 3
R129Q forward 5 GGCACACGTTCTAGGCAGTTTGCTCTCTTGGTT 3
R129Q reverse 5 AACCAAGAGAGCAAACTGCCTAGAACGTGTGCC 3

The mutagenic bases are in bold characters. The resulting plasmids were called pET
Prx T48V and pET Prx R129Q. The expression of the recombinant proteins was performed in
the presence of the helper plasmid pSBET as described in (Rouhier et al. 2002b). The
purification of the mutant proteins was performed following the same procedure as for the
WT enzyme, using a combination of ammonium sulfate precipitation, ACA 44 gel filtration
and anion exchange chromatography. The concentration of the recombinant mutated proteins
was estimated from their UV absorption using an extinction coefficient of 13490 M™* cm™.
The proteins were stored at —20°C in 30 mM Tris-HCI pH 8.0, 1 mM EDTA.

Phospholipid hydroperoxide synthesis and purification

The synthesis of phosphatidylcholine hydroperoxide was realized in the presence of
soybean type 1V lipoxygenase as described in (Maiorino et al. 1990). Briefly, in a 2.5 mL
reaction mixture containing 450 mM sodium borate pH 9.0 and 250 mM sodium

deoxycholate, 593 pg of phosphatidylcholine were incubated in the presence of 100 pg of



type IV soybean lipoxygenase (36000 units) for two hours at room temperature with
continuous shaking. The purification of PCOOH was then performed using Sep pak C18
columns from Waters using 100% methanol as an eluent. The concentration of PCOOH was
estimated by a colorimetric reaction using the ferrous oxidation of xylenol orange reagent
(FOX 2) by reference to a calibration curve realized with known H,O, concentrations (Wolff
1994). PCOOH was kept frozen at —20°C at a concentration of 1.7 mM.

In vitro hydroperoxide reduction by type |l poplar Prx

The H,0,, t-BOOH or CUOOH (250 uM) reduction were measured in a coupled
reaction by following the oxidation of NADPH at 340 nm via NADPH/GR/GSH/Grx or
NADPH/NTR/Trx in a 500 pL reaction medium at 30°C as described in (Rouhier et al.
2002a). A dlight modification is the addition of 15 pL of 20% Triton X-100 for the
measurement of PCOOH reduction (250 uM unless otherwise indicated) by recombinant type
[l Prx. A second assay consists in the time course measurement of the disappearance of
PCOOH and other hydroperoxides using the FOX 2 or FOX 1 reagents respectively. The
reaction medium (50 to 300 pL) had the following composition : 50 mM Tris HCI pH 8.0,
500 uM DTT, 250 uM PCOOH and varying amounts of Prx, between O to 3 uM. The reaction
was started by adding PCOOH after one minute incubation at ambient temperature. For each
time point, 50 pL of the reaction mixture were added to 950 pL FOX 2 reagent. The
absorbance at 560 nm was read after one hour of incubation. All kinetics were repeated three
times with two different enzyme preparations and the indicated values represent the average
of the three measurements. The percentages presented in Table | are computed from the kcat

values obtained for each enzyme.



Results

Prx sequence analysis and natur e of the active site

When aligning the poplar type Il Prx sequence with homologous enzymes from
different sources (mammals, yeast, bacteria, trypanosoma), seven amino acid residues appear
to be very conserved, P44, T48, C51, S78, D103, G122 and R129 (poplar numbering). If
additional sequences are taken into account, out of those seven residues, only three amino
acids remain strictly conserved, the catalytic cysteine, C51, one threonine, T48, and one
arginine, R129 (data not shown). These properties suggest that T48 and R129 are likely to
play an important role in catalysis as demonstrated in the case of trypanosomal enzymes
(Montemartini et al. 1999, Flohé et al. 2002).

We have recently obtained crystals of poplar type Il Prx that diffract to 1.6A (Echalier
et al. 2002) and solved the 3D structure of the protein (unpublished data). The structure
confirms that the threonine and arginine residues are indeed in close proximity to the cysteine
of the active site. Fig. 1 shows a blow up of the active site region of the poplar enzyme with
the positioning of the three above mentioned residues. The partia structure presented here,
fits well the hypothesis of the catalytic triad. The positions of two additional side chains
which are more distant from the active site (W88 and C76) are also shown in Fig. 1. Cys76,
which is the second cysteine of type Il Prx, is dispensable for activity (Rouhier et al. 2002)
and W88 is a conserved aromatic residue found also in the Leshmania donovani structure
(Flohé et al. 2002).

Active sSite mutagenesis

Thus, despite the low sequence identity (20%) between the poplar and the Leishmania
enzymes, these data suggest a common catalytic mechanism for al peroxiredoxins. In order to
confirm that T48 and R129 are indeed implicated in the catalysis of type Il Prx, site-directed
mutagenesis was performed to create the two single mutants, T48V, in which the OH group is
removed, and R129Q where the positive charge is replaced by a non charged side chain. Fig.
2 shows the electrophoretic behavior of the various protein preparations generated. As
observed before, despite being highly homogeneous, all preparations present a polypeptide
doublet with a molecular mass of ca 17 kDa irrespective of the reducing conditions (Rouhier
et al. 2001). The 3D structure indicates that the C-terminus is complete and N-terminal
sequencing shows that all amino acids are present and no cleavage of the polypeptide

occured, except for a partial processing of the initial methionine which could perhaps explain



the presence of the doublet (data not shown). In addition, mass analysis suggests that no post-
tranglational modification occured in E. coli (data not shown). In oxidizing conditions, no
evidence for a dimer was observed, indicating that the proteins do not contain an

intermolecular disulfide bridge irrespective of the nature of the mutations.

Catalytic efficiencies of the WT and mutant enzymes

The catalytic activities of the WT and of the mutated enzymes were first determined
by using a coupled system in which the reduction of peroxides is coupled to NADPH
oxidation via the Grx system. Table | shows the relative efficiencies of the WT and mutant
peroxiredoxins, using various hydroperoxides as substrates. The T48V and R129Q mutants
are marginaly active with no more than 4% of the activity of the WT protein, when using
H20, or t-BOOH. Likewise, with CUOOH as a substrate, the activities of the mutants are
depressed, but they retain a higher level of activity compared to the WT enzyme (7.8 and
16.3%). It should be mentioned that CUOOH does not behave as the two other substrates
since the reaction catalysed by the WT enzyme is quickly inhibited, but the rates remain linear
with the mutants. With the two other substrates the reactions are linear as a function of time
whatever the enzyme used (data not shown).

The catalytic impairement of the mutants was confirmed by using a different activity
measurement that relies on the direct determination of the remaining peroxides (Fig. 3). As
observed in the coupled assay, the T48V and R129Q mutations resulted in catalysts that were
essentially inactive or severely impaired with H,O, and t-BOOH. The results with CUOOH
were not as clear cut as the mutants were more active than the WT enzyme. The discrepancy
between this result and the one obtained using the coupled assay results from the above
mentioned inhibition of the WT enzyme in the presence of CUOOH that occurs after ca 20
sec catalysis and the selected time of analysisin this second experiment (3 minutes).

We have aso studied whether poplar type Il Prx can use an additional substrate of
physiological importance, phospholipid hydroperoxides. The direct determination of
remaining PCOOH by FOX 2 after catalysisin the presence of the WT type |l Prx and DTT is
shown in Fig. 4. PCOOH is obviously a substrate of the enzyme, and the rate and extent of its
removal is directly proportiona to the concentration of enzyme present. The time course of
PCOOH reduction indicates that the reaction, is complete after 45 seconds incubation in the
presence of 500 uM DTT and 3 uM Prx. When the Prx concentration is lowered, the catalytic
rates are reduced accordingly. DTT alone did not induce any noticeable degradation of
PCOOH. Fig. 5 presents a plot showing the reaction rate as a function of PCOOH



concentration using the coupled assay. The reaction saturates at a PCOOH concentration of ca
50 uM. These dataindicate that the Km for PCOOH is 23 uM.



Discussion

In plants as in other biologica organisms, ROS can be extremely damaging for
biological macromolecules and especially for phospholipids. It is often observed that the
peroxidation of the membrane lipids leads to the destruction of those barriers and ultimately
to the death of the cells. In order to fight these disastrous effects, several enzymes are able to
reduce lipid hydroperoxides. Prominent among those, are the phospholipid hydroperoxide
glutathione peroxidases (PHGpx) which are more efficient with phospholipid hydroperoxides
than with other hydroperoxides (Maiorino et al. 1990). For some of the plant enzymes,
homologous to mammalian PHGpx, glutathione is a poor donor which can be replaced more
efficiently by Trx (Herbette et al. 2002, Jung et al. 2002). Surprisingly, it has been reported
that the enzymes from Lycopersicon esculentum and Heliantus annuus exhibit catalytic
activity with H,O, only when Trx was used as a donor (Herbette et al. 2002). This type of
PHGpx could thus constitute a fifth type of peroxiredoxin unrecognized so far.

It has also been shown that mammalian, bacterial or trypanosomal peroxiredoxins can
reduce phospholipid hydroperoxides (Maiorino et al. 1990, Hillas et al. 1997, Nogoceke et al.
1997). A recent report indicates that thisis aso true for barley 2-Cys Prx, which exibits alow
catalytic turnover with linoleic acid hydroperoxide and phosphatidylcholine dilinoleyl
hydroperoxide, but this has not been shown for other plant enzymes yet (Konig et al. 2003).
The data generated in this study indicate that type Il Prx also possesses this additional
function. This observation is further supported by the relatively good efficiency of this
enzyme with PCOOH as kcat values are 2.6 s* (H,05), 2.1 s* (PCOOH), 1.5 s* (t-BOOH)
and 0.89 s* (CUOOH). The kcat values recorded for type Il Prx with H,O, are very similar to
those obtained with human Prx V, a mammalian homolog (Seo et al. 2001). From the data
presented on tryparedoxin peroxidase from Crithidia fasciculata and on phospholipid
hydroperoxide glutathione peroxidase from Helianthus annuus, catalytic efficiencies can be
computed (Nogoceke et al. 1997, Herbette et al. 2002). The values of kcat/Km oscillate
between 4X10® and 4X10* M™.sec®. The poplar type Il Prx possesses a catalytic efficiency of
8X10* M™t.sec? using PCOOH as a substrate, which indicates that it is quite a good catalyst
for this reaction.

As the hydroperoxides used in this study display varied structures, it was of interest to
investigate the nature of the active site of type Il Prx. Through site-directed mutagenesis, we
have obtained evidence that the type Il Prx active site isindeed very similar to the active sites
present in other peroxiredoxins, consisting of a catalytic triad formed by the catalytic



cysteine, athreonine and an arginine in conserved positions (Wood et al. 2003). The Thr and
Arg residues are likely to play arole in increasing the reactivity of the catalytic cysteine, by
stabilizing the thiolate form of the cysteine, maybe by lowering the pKa of the peroxidatic
cysteine. The molecular mutants where the hydroxyl group of T48 or the guanidyl group of
R129 are removed, are essentially inactive with t-BOOH and H,O, as a substrate whatever the
electron donor used, DTT (Fig. 3), Grx (Tablel) or Trx (data not shown). On the other hand,
the mutants exhibit low activity with CUOOH as a substrate. This suggests that the mutations
really affect the active site structure and reactivity but not the regeneration of the enzyme by
thiols since the mutants keep some activity with one of the substrates. Also, at that point it is
not entirely clear what the preferred substrate of type Il Prx is, since al tested peroxides can
serve for catalysis. As phospholipid hydroperoxides have extremely varied structures, it will
be of interest to test whether there is a specificity in this new class of substrates for type Il
Prx.
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Figurelegends

Fig. 1. Reaction center of poplar type Il Prx.

The figure was generated using PyMOL (Delano W, http://www.pymol.org). The side chains
of the catalytic triad that includes Thr48, Cys51 and Argl129 are shown in sticks with a ribbon
rendering of the closeby secondary structural units. The threonine and cysteine residues are
located respectively close to or in helix a2 and the arginine in the penultimate strand 9. The
additional cysteine (Cys76 of [4) and the conserved residue Trp88 of helix o3 are aso

shown.

Fig. 2. SDS PAGE analysis of the recombinant type Il peroxiredoxins.

SDS PAGE 15 % showing WT type Il Prx (lanes a and d) and mutants T48V (lanes b and €)
and R129Q (lanes ¢ and f) in reducing conditions (700 mM [3-mercaptoethanol, lanes a, b, ¢)
and in non reducing conditions (lanes d, e, f). The molecular weight marker (lane M) (15, 20,
25, 37, 50, 75 kDa) is the Precision Plus Protein Unstained Standard form BIORAD.

Fig. 3. DTT dependent activity of type Il Prx WT, T48V, R129Q.
The reaction were carried out with 2 uM of Prx in the presence of 500 uM DTT and 500 uM

hydroperoxides. All experiments are triplicates.

Fig. 4. Time course of phosphatidylcholine hydroperoxide reduction.
The reduction of PCOOH by WT type Il Prx was measured by following the disappearance of
250 uM PCOOH using 500 uM DTT as a reductant and the FOX 2 reagent. Close circles:

minus Prx, open circles:1 uM Prx, closetriangles: 2 UM Prx, open triangles : 3 uM Prx.

Fig. 5. Kinetics of hydroperoxide reduction as afunction of the substrate concentration.

The 500 pL reaction mixture contained 150 uM NADPH, 500 pM GSH, 0.5 unit GR, 2 pM
poplar Grx, 1 uM type Il Prx and various concentrations of PCOOH, ranging from 25 to 250
UM. The catalytic activity was expressed as umoles of oxidized NADPH per min per mg of

protein.



H,0, t-BOOH CUOOH PCOOH
Prx WT 100 (2.6 s 100 (1.5s™) 100 (0.9 s 100 (2.1 s

Prx T48V 2.3 0.4 16.3 2.2

Prx R129Q 0.3 3.6 7.8 0

Table | : Relative activity of WT Prx and T48V or R129Q mutants with various substrates.
100% activity corresponds to the WT enzyme activity with each substrate. In brackets are
indicated the kcat (s?) for each substrate in the enzymatic coupled assay.
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Résultats chapitre |1 : Les protéines cibles
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Molecular characterization of chloroplastic poplar peroxiredoxin Q and its
involvement in the pathogenic response.

En préparation

Les Prx Q représentent un des 4 groupes de Prx chez les plantes. Ces
enzymes possedent une extension N-terminale par rapport a la protéine mature
isolée chez Sedum lineare. Afin de déterminer la fonction de cette extension, une
fusion de celle-ci avec la GFP (green fluorescent protein) a été réalisée. Elle indique
gue c’est un peptide d’adressage de la protéine vers les chloroplastes. Des études
d'immunolocalisation démontrent que la protéine est présente dans les chloroplastes
des cellules du mésophylle et des stomates. Par ailleurs, la protéine ne semble étre
exprimée que dans les feuilles. De plus, la quantité de Prx Q est régulée lors de
I'interaction du peuplier avec un champignon pathogéne Melampsora larici-populina.
Ainsi, lors d’'une réaction compatible, c’est-a-dire lorsque le champignon infecte la
feuille, la quantité de Prx Q décroit durant les 24 premieres heures d’infection. Lors
d’'une réaction incompatible, c’est-a-dire lorsque la plante lutte pour repousser le
champignon et qu’elle met en place une réponse hypersensible caractérisée par la
formation de ROS, la quantité de cette protéine augmente fortement dés la premiére
heure d’infection. Cette Prx semble donc jouer un rdle dans la réponse a une
infection par un pathogéne. D’'un point de vue biochimique, ce sont des enzymes
monomeriques et leur mécanisme catalytique passe par la formation d’'un pont
disulfure intramoléculaire entre les deux cystéines contenues dans la séquence, les
cystéines 46 et 51. Ce pont disulfure n’est réduit que par les Trx mais pas par les
Grx. Pourtant, le mutant Prx Q C51S est toujours actif avec les Trx comme donneur
d’électrons mais le devient aussi avec les Grx comme si I'absence de cette cystéine
permettait aux Grx de réduire directement le SOH formé lors de la catalyse. Le fait
gue la Grx ne puisse pas réduire le pont disulfure pourrait s‘expliquer par le potentiel
rédox tres négatif de la Prx, de I'ordre de -325 mV a pH 7. Enfin, il ne semble pas
gu’il existe de spécificité de reconnaissance in vitro entre les Prx Q et les différentes
isoformes de Trx puisque des Trx cytosoliques réduisent mieux la Prx Q que les Trx

chloroplastiques.
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Abstract

Peroxiredoxins are ubiquitous thioredoxin or glutaredoxin dependent peroxidases, the
function of which is to destroy peroxides. Peroxiredoxin Q, one of the four plant subtypes, is
a homolog of the bacterial bacterioferritin comigratory proteins. We show here that the poplar
protein acts as a monomer with an intramolecular disulfide bridge between two conserved
cysteines. A broad spectrum of electron donors and substrates was tested. Unlike type Il
peroxiredoxin, peroxiredoxin Q cannot use glutaredoxin but various cytosolic chloroplastic
and mitochondrial thioredoxins are efficient electron donors with no marked specificities. The
redox potential of the peroxiredoxin Q catalytic disulfide is -325 mV at pH 7.0, explaining
why the WT protein is reduced by thioredoxin (-290 mV) but not by glutaredoxin (ca -230
mV). Peroxiredoxin Q can reduce various alkyl hydroperoxides, but with a better efficiency
for cumene hydroperoxide than hydrogen peroxide and tertiary butyl hydroperoxide.
Additional evidence that Trx can be a donor was obtained by the formation of heterodimers
between peroxiredoxin Q and monocysteinic mutants of spinach thioredoxin m. The use of a
green fluorescence protein construct indicates that the transit sequence efficiently targets
peroxiredoxin Q to the chloroplasts and especially to those of the guard cells.
Immunolocalization confirms that peroxiredoxin Q is located in chloroplast. The expression
of this protein is modified in response to an infection by various races of Melampsora larici-
populina, the causative agent of the poplar rust. In the case of an hypersensitive response, the

peroxiredoxin expression increased whereas it decreased, during a compatible interaction.



I ntroduction

Organisms living under aerobic conditions have developped an array of antioxidative
systems to protect the cells from oxidative damages caused by reactive oxygen and nitrogen
species (ROS, RNS). An emerging family of non-heme peroxidases, called peroxiredoxins
(Prx) has been described in all kingdoms during the past years (1, 2, 3). These ubiquitous
proteins are able to reduce both organic and inorganic hydroperoxides with electrons provided
mainly by NADPH or NADH and different proteins such as thioredoxin (Trx), glutaredoxin
(Grx), cyclophilin A and subunit F of alkyl hydroperoxide reductase subunit F (AhpF) (1, 4,
5, 6). In addition to their documented activity as peroxidases, peroxiredoxins are involved in
resistance to RNS (7, 8). The C subunits of many bacterial akyl hydroperoxide reductase
(AhpC) also possesses a peroxynitrite reductase activity (9). Recently, a complex reduction
system of AhpC was found to occur in Mycobacterium tuberculosis with an electron flow
starting from NADH and involving a dihydrolipoamide dehydrogenase, a dihydrolipoamide
succinyl-transferase and an akyl hydroperoxide reductase subunit D (AhpD) (10). The
peroxiredoxins were first classified into two subclasses, the 1-Cys Prx and the 2-Cys Prx
according to the number of conserved cysteines. However, the increasing number of Prx
found in al organisms leads to a more complex hierarchy. Indeed, there are at least six Prx
isoforms in mammals, five in yeast, and eight out of the ten genes present in the genome of
Arabidopsis thaliana are expressed (3, 11, 12). The plant sequences can be organized into
four distinct subgroups (3, 13). The first one corresponds to the 1-Cys Prx. These are seed
restricted enzymes which are mainly localized in the nucleus of the embryo and the aleurone
layer (14). The second group, which comprises the dimeric 2-Cys Prx, iswell characterized in
terms of function and catalysis (3, 15, 16). These proteins, homologous to the mammalian Prx
| to IV and bacterial AhpC, are chloroplastic enzymes. The third class is a large group of
monomeric type Il Prx, with at least four expressed isoformsin A. thaliana. Two of these are
assumed to be cytosolic enzymes, the two other are probably chloroplastic and mitochondrial
(17-19). Finadlly, the last class is constituted by Prx Q, an enzyme homologous to the
bacterioferritin comigratory proteins (BCP). Until recently, this type of enzyme was only
found in prokaryotes and lower eukaryotes but an enzyme of Sedum lineare has been recently
characterized (20). Up to now, there are no homologous of Prx Q in mammalian cells.
Apparently, this enzyme is a monomer with an intramolecular disulfide bridge between two
cysteine residues separated by only four amino acids (20). The functions of the BCP and Prx

Q are not very well understood. BCP is involved in the resistance of Escherichia coli against



various oxidants and overexpressed in Frankia sp. during the formation of symbiosis with
Alnus glutinosa (21, 22). In Helicobacter pylori, the role of this protein in resistance to
oxidative and nitrosative stress is minimal in comparison to the two other Prx existing in this
organism (23). In A. thaliana, the transcripts of Prx Q were found to decrease with leaf age,
after atransfer to low light intensity, in response to a salt stress or to an exogenous application
of ascorbate (19, 24). On the other hand, the transcript levels of Prx Q were found to increase
in response to oxidative stresses generated by hydrogen peroxide (H.O) or tertio-butyl
hydroperoxide (tBOOH) or to atransfer to high light (24). The physiological electron donor
for this enzyme is not currently known, even though Prx Q was retained on a monocysteinic
Trx m mutant column (25).

Thiswork focuses first on the biochemical properties of the poplar Prx Q in terms of catalytic
mechanism, electron donor and substrate specificities. In addition, the cellular and subcellular
localizations and the function of this enzyme were investigated. We found that Prx Q is
definitely a chloroplastic enzyme as suggested by its N-terminal extension and that it
participates in the response to the infection of poplar by the rust fungus Melampsora larici-

populina.



Materials and M ethods

Materials

Poplar Trx hl, h2, h3 and Grx were purified as described previously (26-29).
Arabidopsis thaliana NTR and WT and mutant spinach thioredoxin m and f were prepared as
in (30, 31). The sequence of Chlamydomonas reinhardtii Trx y (CrTrx y) isdescribed in (32).
The production and purification of poplar cyclophilin will be described later.

Cloning of poplar Prx Q and site-directed mutagenesis

The ORF of poplar Prx Q in which the nucleotide sequence encoding the chloroplastic
transit peptide was deleted, was cloned by PCR from a leaf cDNA library from Populus
tremula x P. tremuloides into the expression plasmid pET-3d between the two restriction sites
Ncol and BamHI with the following oligonucl ectides:

forward oligonucleotide 55 CCCCCCCATGGCTAAGGTAAACAAAGG 3

reverse oligonucleotide 5 CCCCCGGATCCTCAAAGGCTTTGAAGTAGTTT 3.

Both restriction sites are underlined. The recombinant plasmid was called pET-3d Prx
Q WT. This construction was made possible by deleting the transit sequence until the
phenylalanine residue in position 63 by comparison with the mature Prx Q of Sedum lineare.
The recombinant protein starts thus with the sequence MAKVN. The mutation into serine of
the two cysteine residues in position 46 and 51 was made by PCR-mediated site-directed
mutagenesis with two complementary mutagenic primers. The mutagenic primers are as
follows:

C46S forward 5 GATGAAACCCCTGGGAGCACCAAACAGGCCTG 3

C46Sreverse 5 CAGGCCTGTTTGGTGCTCCCAGGGGTTTCATC 3

C51Sforward 5 GGGTGCACCAAACAGGCCAGTGCTTTTAGAGATTC 3

C51Sreverse 5 GAATCTCTAAAAGCACTGGCCTGTTTGGTGCACCC 3

Mutagenic bases are in bold characters. The two plasmids constructed were called
PET-3d Prx Q C46S and pET-3d Prx Q C51S. The nature of each mutation was verified by
DNA sequencing.

Expression and purification of WT and mutant poplar Prx Q
Escherichia coli strain BL21(DE3) was cotransformed with the helper plasmid pSBET
and each of the recombinant plasmids (33). Cultures of 5 liters of ampicillin and kanamycin

resistant clones were induced with 100 uM IPTG during 4 hours. The cells were then



harvested by centrifugation at 4400 x g and suspended in buffer A (30 mM Na-acetate pH 5.5,
1 mM EDTA, 200 mM NaCl) in the presence of 5 mM DTT. Bacteria were lysed by
sonication for 5 minutes. The extract was then precipitated between 25 and 80% of
ammonium sulfate saturation. This fraction was successively subjected to an ACA 44 gel
filtration equilibrated with buffer A and after dialysis to a carboxymethyl cellulose
equilibrated with buffer A without NaCl. Proteins were eluted with a gradient of NaCl
between 0 and 0.4 M and then dialyzed and concentrated against buffer A without NaCl. The
homogeneity of the proteins was assessed by 15 % SDS-PAGE.

Trx linked peroxidase activity

The reaction mixture (50 pL) contained 30 mM Tris HCI pH 7.0, 500 uM DTT, 1 uM
Prx Q and various concentrations of Trx or Grx ranging between 1 and 50 uM. The reaction
was started by adding 500 uM H,O,. After 3 minutes, 5 uL were mixed with 495 uL of the
FOX1 (ferrous oxidation in xylenol orange) reagent (34). The absorbance was then read at
560 nm after one hour incubation.

The peroxidase activity of Prx Q was also measured by following the NADPH
oxidation at 340 nm with the Trx systems (Arabidopsis thaliana NTR/poplar Trx h3) as
reductants and with H,0,, tBOOH and cumene hydroperoxide (CUOOH) following a
procedure already described for poplar type Il Prx (3). The only slight modification is that the
reaction was made in 50 mM K*/Na" phosphate buffer pH 7.0. The determination of the
catalytic parameters was effected with 1 uM Prx Q by varying the concentration of one
substrate at saturating concentrations of the other substrate (6 puM Trx h3 or 200 uM
hydroperoxide).



Formation of heterodimers between Prx Q C51Sand Trx m C40Sor Trx f C49S

The formation of heterodimers between poplar Prx Q WT or C51S and spinach Trx m
C40S or Trx f C49S was realized by derivatizing the various Prx Q with DTNB to form Prx
Q-TNB as described for thioredoxin reductase in (35) or by diamide treatment in the presence
of poplar donors (Trx hl C42S, Grx C30S, cyclophilin A) asin (4). For the DTNB treatment,
Prx Q was reduced with 20 mM DTT, dialyzed and then reacted with a 50 fold excess of
DTNB. The mixture was then dialyzed to eliminate this excess. Equimolar concentrations of
Prx Q-TNB and reduced Trx or Grx monocysteinic mutants or WT cyclophilin A were used to
create heterodimers in 30 mM Tris HCl pH 7.0, 1 mM EDTA. The mixture was then
subjected to SDS-PAGE under non-reducing conditions.

Thiol titration

500 pg of Prx Q wt, C46S and C51S were reduced by 10 mM DTT during 30 minutes
at room temperature, then precipitated with one volume of 20% trichloroacetic acid (TCA)
and stored on ice for 30 minutes. The mixture was centrifuged for 10 minutes at 13000 x g
and washed two times with 2% TCA. The precipitate was resuspended in TrissHCl 30 mM pH
7.0, EDTA 1 mM, 1% SDS. The concentration was estimated by UV spectrophotometry (em=
13490 M cm™) before adding DTNB to a final concentration of 100 pM. After one hour
incubation in the dark, the absorbance was read at 412 nm and the thiol content estimated

using amolar extinction coefficient of 13600 M™*.cm™.

Determination of the redox potential

Redox titrations were performed using monobromobimane (mBBr) asin (36). Prx Q at
a concentration of 100-200 pg/mL (6 to 12 uM) was incubated in 500 pL aliquots at defined
En values obtained by varying oxidized and reduced dithiothreitol (total concentration 2.5
mM) for 3 hours. An E;, value of =330 mV and a value of 9.2 was used for the pK, of the
more acidic thiol of reduced DTT (references listed in 36). The following buffers were used :
MES pH 6.0, MOPS pH 6.5to 7.5, Tricine pH 8.0 to 8.5, Bistris-propane pH above 8.5. After
equilibrating the Prx Q sample at the defined E;, values with the DTT redox buffers, mBBr
dissolved in acetonitrile was added to a final concentration of 10 mM. After 20 min
incubation with mBBr, the Prx Q was precipitated by addition of 500 uL 20% TCA. The
resulting protein pellet obtained by centrifugation was washed and dissolved in 100 mM Tris-
HCI buffer pH 8.0 and 1% SDS. The fluorescence of these samples was measured at 450 nm,



excited by 380 nm light, using an Aminco-Bowman Series 2 Luminsecence
Spectrofluorimeter. Fitting of the data was done asin (36).

Infection of the leaves, protein extraction, antibody purification and Western blot
analysis

Populus x interamericana 'Beaupré plants were grown for 12 weeks in a greenhouse
from dormant cuttings in pots containing a sand-peat mixture. Fully expanded leaves were
detached and spray-inoculated on their abaxia surface with an urediniospore suspension in
water-agar (0.1 g.I™) adjusted to 5000 urediniospores.ml™ or with water-agar (control). Two
isolates of M. larici-populina were used: 98AG31 (pathotype 3-4-7) and 93I1D6 (pathotype 3-
4), virulent and avirulent, respectively, on 'Beaupré (37). The inoculated |eaves were then
incubated with the abaxial surface uppermost, floating on deionized water in Petri dishes, at
20°C under artificial illumination, for various durations ranging from 1 hour to 10 days. 400
mg of leaves were ground with a mortar and pestle on ice and then 4 mL of the extraction
buffer (50 mM Tris HCl pH 7.5 1 mM EDTA, PVP 25 mg/mL and 25 mM -
mercaptoethanol) were added. The mixture was centrifuged twice for 10 minutes at 14000 x g
and the supernatant precipitated with 80% acetone. Proteins were pelleted by centrifugation
and washed with 80% acetone. Proteins were resuspended in 125 mM Tris-HCI buffer (pH
6.8) containing glycerol 20%, SDS 2%, [B-mercaptoethanol 5% and bromophenol blue 0.05%
and their concentration was determined by the Bradford reaction kit from BIO-RAD. Protein
extraction of untreated leaves, stems and roots was carried out as described in (18). Polyclonal
antibodies raised in rabbit against poplar Prx Q were purified by affinity on a Prx Q
Sepharose column following the procedure described previously (18). Western blots were
performed using PVDF membranes from Millipore and the Immune Star Goat Anti Rabbit
Detection Kit from BIO-RAD.

Intracellular localization via GFP fusion

For in vivo intracellular locdization, the first 195 bp of the poplar Prx Q cDNA,
corresponding to the N-terminal presequence (65 amino acids) were cloned into the Ncol and
BamHI sites of pCK-GFP3A using the two following primers:
5 CCCCCATGGCTTCCATTTCTCTC 3’ and
5 CCCCGGATCCTTGGCAAAAATGGTATTCTT 3



The PCR amplified fragment was fused to GFP at the BamHI site, resulting in a
chimeric protein where the transit sequence of Prx Q is present on the N-terminus side of GFP
and under the control of a double 35S promoter (38). Nicotiana bentamiana cells were
transfected by bombardment of leaves with tungsten particles coated with plasmid DNA and

images were obtained with a Zeiss LSM510 confoca microscope.

Immunolocalization

Sections of 25 mm? were cut from expanded leaves of 2 months old poplar and fixed
for 3h a 4°C in 4% paraformaldehyde (w/v) and 0.5% (v/v) glutaraldehyde in 0.1 M
cacodylate buffer, pH 7.4. The samples were subsequently rinsed in 0.1 M cacodylate, treated
with 2% OsO,, dehydrated in increasing acohol and propylene oxide, embedded in Durcupan
(Fluka) and finally polymerized at 56°C for 48h.

For immunocytochemistry ultrathin sections (70 nm) were placed onto 300 mesh
nickel grids. Grids were floated for 15 min in a 50 mM glycine, 50 mM Tris phosphate—
buffered saline (TPBS) solution, transferred for 30 min on a blocking solution of 1% BSA in
Tris phosphate-buffered saline (TPBS/BSA) and then treated overnight at 4°C with purified
rabbit Prx Q antibodies (diluted 100x in TPBS/BSA). Controls were realized by omission of
this step. After washing, sections were incubated for 2h in a solution of 50 mM Tris-HCI
buffer containing 0.05% PEG with gold-labelled goat anti-rabbit 1gG (10 nm, Sigma)
(dilution 1:20). After rinsing, the sections were dried and stained with uranyl acetate and lead
citrate. Observations were made using aZeiss, TEM 902 electronic microscope.

For histochemical detection of Prx Q using fluorescence, 130 nm thin sections are
coated with polylysine (Sigma) on a glass dlide. The resin was removed by dissolution for 20
min with ethanol saturated in NaOH washed with 100% ethanol and then with 100% acetone.
Slides were treated 15 min with in TPBS solution containing 50 mM glycine, washed with
TPBS and finally treated with TPBS/BSA for 2h30 before incubation with purified rabbit Prx
Q antibodies overnight (diluted 100 fold). After rinsing with TPBS and TPBS/BSA, the slides
were incubated for 2h with secondary antibodies coupled to FITC (fluorescein isothiocyanate)
diluted 160 fold. Control experiments were performed either by omitting primary antibodies
or by testing preimmune serum. The slides were rinsed and mounted in TPBS containing 50%
glycerol. Sections were viewed on epifluorescence microscope (Nikon Optiphot 11 coupled to

amercury lamp and B2A filters) and images were captured using a Nikon D1 camera.



Results

Sequence analysis

The deduced amino acid sequence of the poplar enzyme studied here consists of 213
residues with a putative transit peptide of 64 residues, identified by analogy to the mature Prx
Q of Sedum lineare (20). The recombinant mature form of poplar Prx Q used in this study
contains 151 amino acids, including two residues (one methionine and one alanine) that have
been added to the N-terminus immediately after the putative cleavage site of the precursor. Its
calculated molecular mass and isoelectric point are 16831 Da and 9.3, respectively.

An amino acid sequence comparison of three plant Prx Q and four BCP from
cyanobacteria, bacteria, yeast and archaebacteria is shown in Fig. 1. All the plant sequences
contain a N-termina extension of 60 to 70 amino acids, which was identified as a
chloroplastic target sequence by prediction softwares
(http://www.cbs.dtu.dk/services'TargetP/  and  http://psort.nibb.ac.jp/form.html).  The
Saccharomyces cerevisiae enzyme also possesses a N-terminal extension, but the cellular
location of the yeast enzyme has not yet been identified. The sequences of the mature
proteins, devoid of the transit peptides, are 149 to 156 amino acid long and all of them contain
the two putative active site cysteines in position 46 and 51 (poplar numbering of the shortened
construction). Cys 46 is the residu that is homologous to the catalytic cysteine present in all
plant peroxiredoxins, whatever their subtype (consensus sequence P-(X)s-T-[P/F]-(X)-C-
[T/S/P]) and which is involved in catalysis via the transient formation of a sulfenic acid. The
identity levels of the sequences of the mature plant proteins range from 84 to 88%.
Comparisons between plant and non-plant enzymes show much lower identity levels, ranging
from 35 to 55%.



Biochemical characterization
Expression, purification and mutagenesis

Using a combination of gel filtration and cation exchange, recombinant Prx Q WT,
C46S and C51S were purified to homogeneity (Fig. 2A). The overall yield was about 7 to 30
mg homogenous protein per liter of E. coli culture. The oxidized form of purified WT Prx Q
isamonomeric enzyme as judged by its behavior during gel filtration (data not shown) and its
migration in non-reducing 15% SDS PAGE (Fig. 2B, lane 4). The two monocysteinic mutants
are able to form measurable amounts of homodimer, presumably via disulfide bonds
involving the remaining cysteine (Fig. 2B, lane 5 and 6). Thiol titrations of the reduced
enzymes confirmed the presence of two thiols per mole enzyme for the reduced form of WT
Prx Q, while no thiols could be detected in the oxidized state (data not shown). This
observation suggests that there is an intramolecular disulfide in the monomer. Only one
cysteine was detected per mol enzyme for the two mutants (data not shown).

Electron donor and substrate specificity

Regardless of the conditions used, we could not observe DTT functioning as a direct
electron donor to Prx Q using the FOX detection method. Activity was only observed if Trx
was added to promote catalysis (Fig. 3). Thus, in order to investigate whether the enzyme
exhibits a preference for a given electron donor, the efficiency of several chloroplastic donors
including spinach Trx m and f and the recently described Chlamydomonas reinhardtii Trx y,
has been studied (32). In addition, one mitochondrial Trx (poplar Trx h2, unpublished data),
two cytosolic Trx (poplar Trx hl and h3), cyclophilin A and Grx have been also tested as
electron donors. Fig. 3 shows that unlike type Il Prx, WT Prx Q cannot use Grx as an electron
donor. Likewise, the poplar cyclophilin A used in this study was uneffective as a donor. On
the other hand, all Trx tested were active with an apparent efficiency order h1>y>h3>[m, f,
h2]. Experiments carried out with different Trx concentrations, indicated that the reactions
typically saturate at Trx concentrations between 5 and 10 pM. Experiments using NADPH
reduction of poplar Trx h3, catalyzed by Arabidopsis thaliana NTR provides a method for
monitoring spectrophotometrically the Trx dependent reduction of hydroperoxide by Prx Q.
The kinetic parameters, determined in this fashion, are shown in Table |. Severd
hydroperoxides can be used as substrates by Prx Q in the presence of Trx h3. The reactions
saturate at a Trx concentration of ca 6 UM and the Km for Trx h3, the best electron donor is
around 1.5 pM. The preferred substrate is CUOOH followed by H,O, and tBOOH when
considering the catalytic efficiencies (kcat/Km).



Characterization of the active site by site-directed mutagenesis

Fig. 4 shows the peroxidase activity of WT Prx Q, Prx Q C46S or C51S with H,0; as
a substrate and in the presence of DTT and either WT Grx, or Grx C30S or Trx hl. As
observed before, the WT Prx Q is only reduced by Trx hl (column 7) but not by Grx (col. 1
and 4) even a high concentration (50 puM). The C46S mutant does not possess any
biochemical activity, whatever the reductants (Trx, Grx) or the substrates (H,O,, tBOOH,
CUOOH) used (col. 2, 5, 8 and data not shown). On the other hand, the activity of C51S
mutant is not detectable at low Trx concentration (ca 5 uM) but it can be partially rescued by
increasing the Trx concentration to 50 UM (Fig. 4, col. 9). Unexpectedly, this mutant
possesses a peroxidase activity in the presence of WT Grx but it is weakly active with the
mutant Grx C30S (col. 3 and 6). These results were confirmed spectrophotometrically by
following the NADPH oxidation in the presence of the Trx or Grx systems (data not shown).
These results fully confirm that Cys 46 is the catalytic cysteine. In the WT enzyme it is
regenerated via the formation of a disulfide bridge with the adjacent Cys 51, which disulfide
bond is reduced by Trx but not Grx (Fig. 4, col. 1, 4, 7) . Nevertheless, it is likely that in the
C51S mutant, the sulfenic acid formed in Cys 46 can be reduced directly by Trx or Grx in the
absence of the second cysteine (Fig. 4, cal. 3, 9).

Complex formation

The biochemica characteristics described above have been confirmed by establishing
that heterodimers can form between the donors and Prx Q C51S. While, in agreement with the
biochemical results, cyclophilin A was unable to form heterodimers with Prx Q (data not
shown). On the other hand, heterodimers were present when mixing Prx C51S and the various
monocysteinic Trx, either Trx f C49S or Trx hl C42S (data not shown) or Trx m C40S (Fig.
2B, lane 2). The dissociation of this complex by excess DTT indeed proves that the
heterodimer was linked by a covalent disulfide bridge (lane 4). The size of the heterodimer
polypeptide (ca 30 kDa) is in good agreement with the addition of one Trx (13 kDa) to one
Prx Q (17 kDa). The observation that WT Grx does not form stable heterodimers with Prx Q
C51S, whereas it can support the activity of this mutant is consistent with the formation of a
transient intermolecular disulfide bridge that is subsequently reduced by the second active site
cysteine of Grx (data not shown). Grx C30S does not form dimers with Prx Q C51S while it
makes excellent heterodimeric structures with type 11 Prx in agreement with its lower catalytic
efficiency (4).



Redox potential

Fig. 5 summarizes the results of redox titrations of the Prx Q disulfide over the pH
range from pH 5.5 to 10.5. Each point represents the average of at least two determinations
and the average deviations suggest that the experimental uncertainty in E,, is between 5 and
10 mV. Titrations at all pH values gave excellent fits to the Nernst Equation for a single two-
electron redox couple. Titrations at three different total DTT concentrations in the redox
buffers used (1 mM, 1.75 mM and 2.5 mM) and at two different redox equilibration times (2
and 3 hours) gave identical titration curves (within the experimental uncertainties), as
expected for titrations in which redox equilibrium has been established. The E,, value for the
disulfide of Prx Q at pH 7.0, determined using the mBBr fluorescence method, is -325 + 10
mV (Fig. 5A). A plot of Ey vs pH contains two linear regions (Fig. 5B). At pH vaues
between 5.5 and 9.0, the slope is -59 mV per pH unit, the value expected for a process in
which a two-electron reduction is accompanied by the uptake of two protons (39). Between
pH 9.0 and 10.5, the Er, vs pH slope is—29.5 mV per pH unit, indicating that the two-electron
reduction is accompanied by the uptake of only a single proton over this pH range (). The
intersection of these two straight-line segments corresponds to the pK, of an acid/base couple
with a protonation state that is linked to the redox state of Prx Q (39). Although the ssimplest
explanation for this data is that the more acidic active-site cysteine of reduced Prx Q has a
pK4 vaue close to 9.0, thermodynamic measurements alone cannot identify the actual amino
acid(s) involved in this redox-coupled proton uptake.

Expression and localization of Prx Q
Localization of Prx Q

Several experiments aimed at investigating the cellular and subcellular localization of
Prx Q have been undertaken. First, atransient expression experiment was carried out using a
chimeric protein obtained by fusing the transit peptide of Prx Q to GFP. After bombardment
of tobacco leaf epidermis (which contain epidermal cells and underlaying parenchymal
photosynthetic cells) flurorescence was detected in the chloroplasts of the mesophyll cells
(data not shown) and aso in the chloroplasts of the guard cells of stomata (Fig. 6, panel C).
Control experiments showing the natural fluorescence of chlorophyll indicate that the GFP
fluorescence coincides with the chloroplasts (Fig. 6, panel B). These results indicate that the
transit sequence at the N-terminus of mature Prx Q efficiently targets the protein to

chloroplasts and especially to those of the guard cells of stomata.



In a second series of experiments, semi-thin sections of poplar leaves have been
incubated with purified Prx Q antibodies and the presence of the polypeptide detected by
using anti rabbit antibodies coupled to FITC. As above with the GFP experiments, the
secondary fluorescence was found in the chloroplasts of mesophyll cells and aso in the
chloroplasts of guard cells (data not shown). Immunocytochemistry experiments indicate that
Prx Q is present both in the stromal part of the chloroplasts and also somehow associated with
the thylakoid membranesin adistribution similar to the one observed for 2-Cys peroxiredoxin
(Fig. 7) (16).

Expression of Prx Q and involvement in the pathogenic response

The expression of Prx Q was followed both at the mRNA and protein levels in roots,
stems or leaves and leaves inoculated or not by the rust fungus Melampsora larici-populina
either in the case of a compatible or aincompatible reaction.

The expression of prx Q in plant organs was investigated by recording the number of
ESTs encoding this protein in the Genbank database. Only nine ESTs are present out of atotal
of 114443, which suggests that the gene is transcribed at very low levels in leaves (4 hits),
bark (3 hits) and flowers (2 hits). Fig. 8A shows that the Prx Q polypeptide is only present in
detectable amountsin leaves but not in stems or roots.

On the other hand, the content in Prx Q polypeptide increased markedly with the time
of infection in the case of a hypersensitive response (Fig. 8B) with a maximum at ca 24 hours.
Conversely, in the compatible reaction, the Prx Q content decreased as infection proceeded
(Fig. 8C). After 10 days of infection, the Prx Q content is approximatively equivalent to the
one before infection. In non infected leaves (control), the relative amount of Prx Q remained

nearly unchanged (Fig. 8D).



Discussion

Peroxiredoxins from plants, like their counterparts in other biological organisms, are
subjects of great current interest because of their documented or sometimes postulated
protective role in oxidative or nitrosative stress. Two subtypes have been extensively studied,
the chloroplastic dimeric 2-Cys Prx and the type 1l Prx. Less is known about the 1-Cys Prx
and the Prx Q. We present here new data concerning the molecular mechanism, substrate and

donor specificity and in vivo function and localization of Prx Q in poplar, awoody species.

Catalytic mechanism

Using recombinant technology and site-directed mutagenesis, we have identified the
active site of the poplar enzyme as an intramolecular disulfide which involves Cys 46 and Cys
51. Based on severa lines of evidence, Cys 46 is proposed to be the catalytic cysteine. First it
isin aconserved position with respect to all other Prx types where it has been shown to be the
peroxidatic cysteine. Secondly, the C46S mutant is inactive while the C51S mutant is partially
active at high electron donors concentration. We propose here that in the wild type form of the
enzyme, the regeneration of Cys 46 involves the transient formation of a disulfide with Cys
51 which is subsequently reduced by Trx but not Grx. In the C51S mutant, the sulfenic acid
can be reduced directly by Trx or Grx, albeit these results were not physiologically relevant
because these isoforms of Trx and Grx used here are not located in the chloroplast (Fig. 3).
These data for the WT or the Prx Q C51S mutant are depicted in the reaction scheme
presented in Fig. 9. These observations are in agreement with results obtained for the BCP
from E. coli, for which only the equivalent of Cys 46 is essential and the two other BCP
cysteines are dispensable (21). A complete alignment analysis of BCP is also consistent with
this observation. Whereas the first cysteine is totally conserved, the second is not present in
BCP from Helicobacter pylori or Synechocystis sp. (accession numbers AAD05701 and
BAA16704). Although site-directed mutagenesis experiments carried out with the Sedum
lineare enzyme have been interpreted in terms of two essential cysteines (20), the experiments
using mutated S. lineare enzyme did not investigate the possibility of activity at high Trx

concentrations (20).

Substrate specificity
From the biochemical analysis of poplar Prx Q, we found that its catalytic efficiency
vs H,0, (kcat/Km of 7.98x10° M s is comparable to the value obtained for the E. coli BCP



(2.45x10° M %) and to those of the 2-Cys Prx from A. thaliana (36x10° M™* s (16, 21). In
addition to reducing H,O,, Prx Q also catalyses the reduction of other artificial peroxides,
with a preference for CUOOH compared to tBOOH. The fact that Prx Q does not display the
same affinity vs the various peroxides tested (see Table Il), indicates that the active site has a
remarkable flexibility (i.e. it accomodates substrates with very diverse structures) but also
possesses some selectivity as all substrates are not equally reduced. Given the important roles
postulated for H,O,, especially in the chloroplast metabolism, these findings are likely to be

of physiological importance.

Physiological electron donor

The chloroplast of photosynthetic organisms is a complex organelle which contains a
multiplicity of proteins with possible similar function. Indeed, in addition to many ascorbate
or glutathione peroxidases, four Prx isoforms are also found in the chloroplasts of A. thaliana;
two dimeric 2-Cys Prx, one type Il Prx and one Prx Q (3). On the other hand, a large number
of Trx isoforms are likely to be located in this compartment, four Trx m, two Trx f, two Trx y,
one Trx x and CDP32 (chloroplast drought-induced protein of 32 kDa), a thioredoxin-like
protein which is able to reduce the 2-Cys Prx (40, 41). Earlier studies with the Sedum enzyme
used the couple E. coli Trx/ E. coli Trx reductase as an electron donor for the reaction which
is not a physiological reductant (20). We have carried out an extensive study of the electron
donor specificity of Prx Q, testing a large number of chloroplastic and non-chloroplastic
thioredoxins. Although al Trx tested were able to serve as electron donors, their efficiencies
differed. The most efficient reductant is a cytosolic Trx suggesting there is no marked
specificity between the thioredoxins for the reduction of this enzyme (Fig. 3). On the other
hand, other documented donors such as glutaredoxin and cyclophilin A are totally inefficient
with the WT Prx Q (4, 5). This observation clearly separates Prx Q from type Il Prx which
can use both Trx and Grx as electron donors (4).

As has been observed for dimeric 2-Cys Prx, DTT cannot serve as a direct donor for
Prx Q, in contrast to its ability to serve as adonor to type Il Prx (24). Asthe redox potential of
DTT is sufficient to reduce Prx Q (see below), this observation suggests an important role for
the active site of Trx in the protein/protein recognition needed for the interaction with the
catalytic disulfide of Prx Q. While it will be necessary to obtain the 3D structure of Prx Q to
understand the detailed nature of these molecular contacts, some insight is provided by the
recently resolved structure of a fusion protein from Haemophilus influenzae between Prx and

Grx modules (42). The interactions between Prx and Grx derived from charged interactions



between three Asp residues of Prx in position 148, 154 and 156 and Lys and Arg of Grx
whereas the interactions between Prx and Trx are of hydrophobic nature. In poplar, the type Il
Prx which was previously found to interact with Grx possess two Glu residues equivalent to
the Asp residues in position 148 and 156 partly explaining the interaction (4, 42). When
comparing al these proteins with poplar Prx Q, we can observe that Prx Q possesses two Glu
residues (at positions 200 and 205) in position equivalent to Asp148 and 154 of the Prx/Grx
fusion that might be involved in similar electrostatic interactions. These observations could
explain why Prx Q C51S is able to interact with Grx but not why the disulfide bond of WT
Prx Q isnot reduced catalytically by Grx.

In order to assess whether a thermodynamic barrier exists for the reduction of Prx Q
by Grx, we carried out an extensive series of oxidation-reduction titrations of Prx Q. The Ep,
value of -325 mV, measured for Prx Q at pH 7.0, explains why Grx, with an E;, value at pH
7.0 between —200 to —230 mV (43) is such a poor donor in this reaction. The E,, value for
poplar Prx Q is more negative than those of other peroxiredoxins, which range from -320 mV
(2-Cys Prx B) to -288 mV (Prx 11 B) (16) and reduction of the poplar enzyme by Trx would
be dightly unfavorable. This situation is similar to those observed for reduction of the
regulatory disulfide of chloroplast FBPase (En, values of -305 and —315 mV have been
reported for the spinach and pea enzymes, respectively, while the E;,, for pea and spinach Trx
f is =290 mV) and the reduction of the C-terminal regulatory disulfide of sorghum NADP-
malate dehydrogenase (En, of -330 mV) by Trx m (En, of -300 mV) (44). Despite the slightly
unfavorable AEvaues of 20 to 30 mV, reduction of these regulatory disulfides can occur
efficiently but the much greater AE,, of ca 100 mV for reduction of Prx Q by Grx is probably

too high for the reaction to proceed.

Expression and localization of Prx Q

Among the three organs tested, leaves, stems and roots, Prx Q is only expressed in
leaves. The cellular and subcellular distribution of Prx Q in leaves has been investigated by
immunofluorescence or immunogold labelling. All techniques gave similar results, indicating
that the protein is localized in the chloroplasts of mesophyll cells and also in those of the
guard cells of stomata. This observation is in good agreement with the predictions made on
the basis of the transit sequence analysis. As H,O; is known to be a compound which affects
stomatal closure, the intervention of Prx Q in this process is rather likely (45). In addition,
pathogen attacks of leaves very often involve the colonization of the fungus via the ostiole of

the stomata (46). This second property together with the important observation that Prx Q is



highly overproduced in poplar leaves inoculated with an incompatible isolate of Melampsora,
strongly suggests that Prx Q may play an important role to control the content of reactive
species in mesophyll cells and aso especially at the stomatal level. The transcription of atype
I1 Prx in pepper leaf was shown to respond to bacterial infection by Xanthomonas campestris
pv. vesicatoria (47). Moreover, as in the case of animal cells, when plants are submitted to a
pathogenic attack, they respond to an host invasion by producing in the infected tissues H,O,
and nitric oxide (NO) during the hypersensitive response for direct intoxication of the
pathogen and induction of defence-related gene expression in adjacent cells (48-51).
Moreover, the peroxide dependent synthesis, deposition and assembly of lignin, cellulose,
suberin and other cell wall thickening materials during fungal infection results in papilla
hardening driven by cross-linking reactions (51). Subsequently, plant cells may need to be
protected against the damaging ROS and RNS and Prx Q could be afirst line of defense for
the photosynthetic cells.
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Figurelegends

Fig. 1. Alignment of poplar Prx Q with homologous proteins using ClustalW. Accession
numbers are xxxxx for the Populus tremula x P. tremuloides Prx Q (Pop trem), BAA90524
for Sedum lineare (Sed line), BAB01069 for Arabidopsis thaliana (Arathal), NP_487223 for
Nostoc sp. PCC 7120 (Nos pcc7), NP_343463 for Sulfolobus solfataricus (Sul solf), P23480
for Escherichia coli (Esc coli), CAA86239 for Saccharomyces cerevisiae (Sac cere). The
arrow represents the site of truncation of the poplar sequence.

Fig. 2. A : SDS PAGE 15% analysis of the recombinant Prx Q proteins. Poplar Prx Q WT
(lanes 1 and 4), Prx Q C46S (lanes 2 and 5) and Prx Q C51S (lanes 3 and 6) in reducing
conditions (10 mM DTT, lanes 1, 2, 3) and in non reducing conditions (lanes 4, 5, 6).

B : Non reducing SDS PAGE showing the formation of heterodimers between Prx Q C51S
and Trx m C40S. Lane 1: Prx Q C51S-TNB, lane 2: Prx Q C51S-TNB + Trx m C40S, lane
3: Trx m C40S, lane 4 : Prx Q C51S-TNB + Trx m C40S + 10 mM DTT. The star represents
the heterodimer between Prx Q C51S and Trx m C40S, a and c are respectively monomer and
dimer of Trx m C40S, b and d are respectively monomer and dimer of Prx Q C51S.



Fig. 3. Time course of H,O, reduction mediated by the recombinant WT Prx Q and various
Trx in the presence of DTT. Open sguares: Trx h2, closed squares: Trx hl, open circles:
spinach Trx m, closed circles spinach Trx f, open triangles: Trx hl and close triangles:

poplar Grx, cyclophilin A DTT alone, minus Trx, minus Prx Q.

Fig. 4. Trx or Grx dependent peroxidase activity of Prx Q WT, C51S or C46S.

The peroxidase activity was measured with 500 pM H,O,, 5 pM of either WT Prx Q
(columns 1, 4, 7) or Prx Q C46S (2, 5, 8) or Prx Q C51S (3, 6, 9), in the presence of 5 mM
DTT with 50 uM of either WT Grx (columns 1, 2, 3), or Grx C30S (4, 5, 6) or Trx h1 WT (7,
8, 9). The activity was stopped 5 min after H,O, addition and expressed as a concentration of
consumed H,O, during 5 minutes. Each experiment was repeated three times. Background

values of the reactions are in the order of 50 uM.

Fig. 5. Oxidation-reduction properties of Prx Q. A. Oxidation-reduction titration of Prx Q at
pH 7.0. Each reaction mixture contained 100 pg of Prx Q in 1.0 ml of 2700 mM MOPS buffer
(pH 7.0) containing DTT at atotal concentration of 2.5 mM (E,, was adjusted by varying the
ratio of reduced:oxidized DTT). Samples were equilibrated for 3.0 hours before the addition
of mBBr. B. Effect of pH on the E,, value of Prx Q. Reaction conditions were asin (A) except
for the pH buffers used (see Methods).

Fig. 6. Chloroplast localization of the fusion protein comprising the N-terminal sequence of
Prx fused to GFP. 1- Image of stomata from Nicotiana bentamiana under visible light. Only
the lower guard cell was transfected. 2- Autofluorescence of chlorophyll (red). 3-

Fluorescence of the fusion protein (green). 4- Merged images.

Fig. 7. Immunogold labelling of Prx Q in a chloroplast of mesophyll cells from light grown

poplar leaves.

Fig. 8. Expression pattern of poplar Prx Q in plant organs or in response of Melampsora
larici-populina.

Western blot showing the expression of Prx Q in leaves (L), stems (S) or roots (R) (A), and
during an incompatible reaction between 0 and 72 hours (B), a compatible reaction between O
and 24h and 10 days after infection (C) or in non treated plant (D).



Vmax

keat (s1) Km (uM) kcat/Km | (umolesNADPH ox min™

(x10°M™ | pmoles™) (umoles NADPH ox
-1

) min™ mg protein™)
H20, 293 | 367+37:5 7.98 176 (10.46)
tBOOH 0.896 375.2+ 125.7 2.39 53.76 (3.19)
CUOOH 2.35 98.8+19.1 23.78 141.12 (8.38)

Table| : Catalytic parameters of WT Prx Q vs various hydroperoxides

These parameters were determined by following the NADPH oxidation in the presence of
1uM WT Prx Q. The apparent Km for the various hydroperoxides was measured at saturating
concentrations of Trx h3. The Km of Prx Q for Trx h3is 1.5 uM.
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Functional and structural aspects of poplar cytosolic and plastidial type A
methionine sulfoxide reductases.

En préparation

Deux isoformes de MsrA de peuplier, une MsrA cytosolique (cMsrA) et une
plastidiale (pMsrA) sans son peptide de transit ont été exprimées chez E. coli. Les
protéines recombinantes sont monomériques et possedent une activité de réduction
de la méthionine sulfoxyde (L-R,S MetSO). Différents types de MsrA existent selon le
nombre et la position des cystéines impliquées dans la catalyse (voir introduction).
Les deux MsrA de peuplier possédent cing cystéines en position conservée (31, 66,
85, 182 et 188 pour la cMsrA et 46, 81, 100, 196 et 202 pour la pMsrA). Les cinqg
cystéines de la cMsrA ont été mutées une a une et les trois cystéines 46, 196 et 202
de la pMsrA également. Les protéines sauvages possedent une activité de réduction
de la MetSO en Met dépendante des Trx cytosoliques Trx hl et h3 mais pas des Grx.
Les mutants cMsrA C66S et C85S conservent également cette activité suggérant que
ces cystéines ne sont pas essentielles a la catalyse. Par contre, tous les autres
mutants sont inactifs avec les Trx. Par ailleurs, pour déterminer le réle de chacune de
ces cystéines, le contenu en thiols libres de ces mutants a été estimé en présence et
en absence de MetSO et la stoechiométrie d’apparition de la Met de ces différents
mutants analysés en présence d’'une concentration connue de MsrA réduite. Les
résultats obtenus indiquent que la cystéine 31 ou 46 selon I'isoforme considérée est
la cystéine catalytique et que les cystéines 182 et 188 ou 196 et 202 participent a la
régénération Trx dépendante de I'enzyme, selon un mécanisme identique a la MsrA
d’E. coli. Par ailleurs, la structure cristallographique de la pMsrA a pu étre résolue.
Cette structure démontre que comme pour les autres structures de MsrA déterminées
jusqu’a présent, un important réarrangement est indispensable pour la formation des

ponts disulfures nécessaires a la réduction de I'enzyme.
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Abstract

This study presents new data concerning the molecular functioning and structure of
plant type A methionine sulfoxide reductases (MsrA). Both cytosolic and plastidial poplar
MsrA were analyzed. The enzymes are highly homologous, monomeric and active in the
reduction of methionine sulfoxide with either dithiothreitol or poplar thioredoxins as a
reductant. In both enzymes, five conserved cysteines are found in positions 31, 66, 85, 182
and 188 (cytosolic isoform numbering). Site-directed mutagenesis indicates that three
cysteines are involved in catalysis/regeneration by thioredoxin: Cys 31, the catalytic cysteine
and the two C-terminal cysteines Cys 182 and 188. As observed with other MsrA, in the
tridimensional structure of the plastidial enzyme, the three cysteinyl residues are far apart, but
molecular modelling suggests the presence of two hinges that could provide the needed
flexibility of the C-terminal part.



I ntroduction

In aerobic organisms, various oxidants can damage macromolecules including
proteins, nucleic acids and unsaturated lipids (Storz and Imlay, 1999). All the amino acids are
susceptible to oxidation, athough some of them are more easily damaged (Stadtman, 1993).
The two sulfur containing amino acids, cysteine and methionine, are exposed to various
reversible or irreversible oxidations (Cooper et al., 2002; Brot and Weissbach, 2000). To
counter these deleterious effects, living organisms have developped an array of antioxidative
enzymes either to directly detoxify the reactive oxygen or nitrogen species (ROS or RNS) or
to repair the damages induced.

Methionine residues can be oxidized reversibly into methionine sulfoxide (MetSO) or
irreversibly into methionine sulfone (Brot and Weissbach, 2000). Ubiquitous enzymes called
methionine sulfoxide reductases (Msr) are able to reduce free or peptide bound MetSO into
methionine (Brot et al., 1981). This reduction is achieved with the help of the thioredoxin
(Trx) system (Gonzales Porque et al., 1970; Russel and Model, 1986). Based on the
stereoselectivity vs the two diastereoisomers of MetSO, L-S-MetSO or L-R-MetSO, and the
catalytic mechanism of the enzymes, two types of Msr can be distinguished. Type A Msr
(MsrA) specifically reduces the S enantiomer whereas type B Msr (MsrB) only reduces the R
enantiomer (Moskovitz et al., 2000; Sharov et al., 2000; Grimaud et al., 2001). Moreover,
recent studies using protein extracts of a double mutant MsrA/MsrB of Escherichia coli
indicate that E. coli possessesin addition a Msr isoform able to reduce free R-MetSO, another
one which would reduce only the SMetSO in a peptide linkage and finally, a membrane
bound associated activity of reduction of R or S-MetSO in peptides (Etienne et al., 2003;
Spector et al., 2003). In some organisms such as bacteria of the Neisseria genus, both MsrA
and MsrB modules are fused in tandem and the protein called PILB possesses the two
activities (Lowther et al., 2002; Olry et al., 2002; Kryukov et al., 2002). In mammals, MsrB
are selenoproteins and sometimes zinc containing proteins, whereas only one isoform of
MsrA from Chlamydomonas reinhardtii was found to contain a selenocysteine and no MsrA
isoforms were shown to have a bound metal or cofactor (Novoselov et al., 2002).

The catalytic mechanisms of multiple cysteine-containing MsrA and MsrB are similar
despite the low sequence identity between the two proteins. The first step in catalysis is the
formation of a transient sulfenic acid. Subsequently, the regeneration of the active site
involves the formation of one or two disulfides which comprise the catalytic cysteine and one
or two additional cysteines. Ultimately, the latest disulfide bond is reduced by Trx (Lowther



et al., 2000; Boschi-Muller et al., 2000; Jung et al., 2002; Kumar et al., 2002). The catalytic
cysteine of MsrA is present in the consensus sequence GCFW[G/C/S]. Despite their identical
functions, MsrA and MsrB are structuraly different but the active sites display a similar
organization and catalysis occurs through similar mechanisms (Tete-Favier et al., 2000;
Lowther et al., 2002).

The cyclic oxidation/reduction of methionine residues is a pathway known to regulate
the function of some proteins such as camodulin or potassium channels (Yao et al., 1996;
Ciorba et al., 1997). Moreover, this phenomenon seems to play a role in the antioxidant
defense because Msr can repair damages caused to methionine residues (Moskovitz et al.,
1997; Moskovitz et al., 1998; Levine et al., 2000; Stadtman et al., 2002). MsrA are also
involved in pathogenicity processes probably by promoting cell adherence or by degrading
ROS or RNS (Wizemann et al., 1996; Hassouni et al., 1999; Dhandayuthapani et al., 2001; St
John et al., 2001).

In plants, the complete sequencing of the Arabidopsis thaliana genome leads to the
identification of at least four MsrA, one chloroplastic and three cytosolic enzymes. A
cytosolic and a chloroplastic enzyme from A. thaliana are active in the reduction of MetSO in
the presence of dithiothreitol (DTT) (Sadanandom et al., 2000). The gene encoding the
cytosolic isoform was found to be expressed in nearly al plant tissues and to respond to a
pathogen infection by the cauliflower mosaic virus whereas the gene encoding the plastidial
isoform is only expressed in photosynthetic tissues, regulated by light and prevents the
inactivation of a small heat shock protein (Hsp21) (Sadanandom et al., 2000; Gustavsson et
al., 2002).

Previous reports on the plant enzymes have focused essentially on the expression
pattern of MsrA, but the functioning and structure of the enzymes have not been addressed.
This work describes the biochemical properties and the catalytic mechanism of two poplar
MsrA. Site-directed mutagenesis of cysteine residues was used to elucidate which cysteines of
the plant MsrA are implicated in the reduction of S-MetSO and in the regeneration into a
reduced and catalytically active form by thioredoxins. Moreover, two isoforms of Trx have
been tested to investigate the efficiency of putative physiological reductants with the two
MsrA. In addition, the first structure of a plant MsrA is described and discussed in relation
with the biological activity.



Results

Sequence analysis

Two isoforms of Populus MsrA, a chloroplastic isoform that we call here conveniently
pMsrA (plastidial MsrA) and a cytosolic isoform cMsrA (cytosolic MsrA), were isolated from
poplar leaf and root cDNA libraries respectively. Based on transit peptide prediction programs
and amino acid comparisons with homologous proteins from Arabidopsis thaliana, pMsrA
(259 amino acids for the precursor) is predicted to present a 56 amino acids long N-terminal
chloroplastic transit peptide (Sadanandom et al., 2000). The size of the mature recombinant
pMsrA devoid of the transit peptide produced here is 22980 Da (204 amino acids including
the initial methionine and an alanine adding for cloning facility) and the theoretical pl is 5.8.
The cmsra open reading frame encodes a protein of 190 amino acids with a molecular weight
of 21271 Da and atheoretical pl of 6.12. The identity between the mature pMsrA and cMsrA
poplar isoforms is 62%. It ranges from 58 to 82% within the plant sequences and from 32 to
40% vs the Escherichia coli and Bos taurus enzymes, two proteins for which cristallographic
structures have been elucidated (Figure 1). As the cysteine residues are recognized as critical
for the functioning of MsrA, it is interesting to comment on their positions in the plant
sequences. In the poplar cytosolic enzyme, four of the five cysteines (Cys 31, 66, 182, 188)
are found in positions strictly conserved by comparison with the other plant sequences,
whereas the cysteine in position 85 is replaced by a valine in the Brassica pMsrA.
Interestingly, this residue has no equivaent in E. coli or Bos taurus MsrA which contain the
four other cysteines in conserved positions (Lowther et al., 2000; Boschi-Muller et al., 2000).
The five cysteine residues of pMsrA (Cys 46, 81, 100, 196 and 202) are in the same position
than in cMsrA.

Methionine sulfoxide reductase activity

The two poplar MsrA isoforms were produced as recombinant proteins and purified to
homogeneity. The methionine sulfoxide reductase activity of the two poplar MsrA isoforms
was first measured by high pressure liquid chromatography (HPLC) with DTT as adonor, and
both enzymes were found to be catalytically active (data not shown). This was confirmed
using a spectrophotometric test by following the NADPH oxidation in the presence of two
reducing systems, the Trx (NADPH/ NADPH thioredoxin reductase/ Trx) or glutaredoxin
(Grx) (NADPH/ glutathione reductase/ reduced glutathione/ Grx) systems. The Grx system
was inefficient to reduce both WT MsrA (data not shown). Table | presents the kinetic



parameters of both enzymes obtained in the presence of two cytosolic poplar Trx (Trx hl and
Trx h3). The affinities of the two isoforms for Trx or L Met-R,S-SO are nearly identical and
apparent Km values are respectively around 15 to 18 uM and 200 to 400 uM. The catalytic
efficiency, expressed as kcat/K ves, Was around 3 fold higher at pH 8.0 for cMsrA vs pMsrA.
Given the high sequence identity between the two enzymes, the difference in specific activity
between the two enzymes is a bit surprising. It could result either from a dissymmetry in the
pH optimum of the two isoforms or from the distorting of the active site or from a lower
efficiency of the cytosolic Trx used here with the plastidial enzyme, despite an apparent
similar affinity. In order to discriminate between these possibilities, we used DTT as a donor
instead of Trx in a direct determination of either MetSO or Met content by NMR. The
concentration of these two species was obtained from the intensity of the resonances signals at
2.15 ppm and 2.65 ppm corresponding to the Met methyl resonance and the MetSO methyl
resonance, respectively. As illustrated in Figure 2, addition of either cytosolic or plastidial
MsrA results in a rapid decrease of the MetSO concentration (Figure 2A) concomitant with
the apparition of Met (Figure 2B). When analyzed at pH 8.5, cMsrA was al so approximately 3
fold more active than the pMsrA, suggesting that the cytosolic Trx hl is a poor donor for the
pMsrA. In agreement with the known stereoselectivity of MsrA species, we observe that only
the L-Met-S-SO is reduced by the pMsrA or cMsrA. This is shown by the diminution of only
one half of the MetSO initial content after completion of the reaction.

In order to investigate the catalytic mechanism of the two enzymes, the cysteine
residues were independently mutated into serines. As cMsrA possesses a higher catalytic
turnover in the coupled assay, the mutations of the five cysteines have been performed
preferentially on this protein. In addition, the three cysteines presumed to be involved in the
catalytic mechanism were also mutated in pMsrA. Only cMsrA C66S and C85S mutants
retain activity with Trx as reductant (data not shown). The mutation of Cys 31, the conserved
cysteine in al MsrA, and of Cys 182 and 188, the two C-termina cysteines, completely
abolished the Trx-dependent regeneration of the enzyme. These results suggest that Cys 66
and 85 are not involved in catalysis in contrast to Cys 31, 182 and 188. In agreement with
these results, the pMsrA C46S, C196S and C202S mutants are inactive in the Trx-dependent
assay (data not shown). The two mutants cMsrA C31S and pMsrA C46S were also found to
be totally inactive in the presence of DTT in the NMR assay (Figure 2). To determine the
sequence of events involving these three cysteines in methionine sulfoxide reduction, the
stoichiometry of the reaction was measured by following the methionine formed at a fixed
concentration of reduced MsrA without any other reductant using HPLC. In the hypothesis of



amechanism similar to the one of E. coli MsrA, the stoichiometry is assumed to be two moles
of methionine formed per mole enzyme for cMstA WT enzyme, cMSrA C66S and cMsrA
C85S, only one for cMsrA C182S and C188S and none for the C31S mutant. Table Il shows
the results obtained with the poplar enzymes. The WT cMsrA and pMsrA present a
stoichiometry near 2 as expected based on the presumed catalytic mechanism. The cMsrA
C66S and C85S mutants reduce only 1.4 moles of Met per mole enzyme instead of the 2
expected presumably because part of these enzymes was in an oxidized form. The cMsrA
C31S mutant is totally inactive as it reduces O moles of Met per mole enzyme, whereas the
cMsrA C182S and C188S mutants possess a stoichiometry of 1.16 and 1.68 respectively
instead of the expected value of 1. From these data, Cys 31 is the catalytic cysteine but
whether Cys 182 and Cys 188 are both involved in the Trx dependent regeneration is not
clear. In order to gain additional information about the involvement of the Cysl82 and
Cysl88 in cataysis, the thiol content of each recombinant protein was estimated after
reduction in the presence or absence of an excess of L Met-R,S-SO (Table 111). For the pMsrA
WT, C46S, C196S and C202S mutants, the decrease in free thiol groups matches well the
theoretical values assuming an attack of Cys 46 by MetSO to form a sulfenic acid which is
then reduced by disulfide bonding with Cys 196, the resulting disulfide bond being finally
reduced by Cys 202. For the cMstA mutants, the results also essentially agree with the

postul ated mechanism wihin the incertitude inherent to thiol measurement.

Overall structure of pMsrA

Crystallisation trials were performed for both chloroplastic and cytosolic MsrA, but
crystals of sufficient dimension for X-Ray analysis were obtained only for the pMsrA form.
The trigonal crystals (space group P3;) contain one molecule per asymmetric unit and 45% of
solvent, and diffract to 1.7A resolution (Table IV and V). The structure was solved and
refined with final R- and free-R-factors of 19.5 and 20.1%, respectively. Superimposition of
the poplar pMsrA with the E. coli and the bovine structures (PDB entries : 1FF3 and 1FVA,
respectively) (Tete-Favier et al., 2000; Lowther et al., 2000) shows that the cores of the three
enzymes possess the same overall fold as expected from the sequence identity between these
enzymes (Figure 3), while the long N and C-terminal ends display the following substantial
differences:

- The core of the MsrA structure starts at the first -strand, S1, at the end of which is found
the GCFWG footprint containing the catalytic cysteine residue Cys46, and ends 3 amino



acids after the AExxHQx¢ footprint, next to the last B-strand S6 (see Tete-Favier et al.,
2000 for secondary structure numbering). Selecting the corresponding amino acids, GIn37
to Lysl82 in pMsrA, Met42 to Lys192 in the E. coli MsrA, and Thr63 to Lys212 in the
bovine MsrA, C,, atoms can be superimposed with a root mean square distance (rmsd) of
0.800 A for the poplar/E. coli pair and with an rmsd vaue of 0.874 A for the

poplar/bovine pair.

In the E. coli MsrA, the long N-terminal end coils up around the core of the domain. It is
constituted of 41 amino acids, the first seven residues being observed in different
conformations in the three monomers of the asymmetric unit. In the bovine MsrA model,
in which amino acids 1 to 27 are not present, residues 28 to 62 display the same overall
conformation than in the E. coli enzyme. In the pMsrA structure, only residues Pro22 to
Gly36 of the N-terminal end were observed in the electron density. Their positions
strongly differ from those observed in the E. coli and bovine MsrA structures (Figure 3).
The cail is hydrogen-bonded via the main chains to the extended segment that links S5 to
S6. This different position of the N-terminal end arises from the sequence of the hinge
region connecting the N-terminal end to the core of the enzyme: *Pro-Gly® is present in
poplar, while it is *Asp-Gly* in E. coli, and *'Glu-Gly®® in the bovine enzyme. The
missing residues ‘Met-Asp®* are very disordered since no electron density is observed
upstream from Pro22, and are probably situated in the large solvent cavity observed near
Pro22.

The **Asn-Ala?™ C-terminal end of the E. coli MsrA was observed in only one monomer
among three in the asymmetric unit, leading to conclude to its flexibility. Despite the
presence of an intermolecular disulfide bridge involving Cys202 that could have forced
the C-terminal end to adopt an unlikely conformation in the E. coli model, it is surprising
to observe a similar position of the **Asp-Pro®®® C-termina end in the bovine MsrA
structure. The extended coil runs above the active site and then antiparallel to a-helices
H2 and H3. In the pMsrA model, the **Gly-Gly*® C-terminal end is folded in a
completely different way (Figure 3) : it consists of a coil that runs first parallel to the o-
helix H1 and then, after aturn, antiparallel to it (Figure 4). Numerous hydrogen bonds are
observed inside this C-terminal part, and between the C-terminal part and the core of the
domain. Thisregion isinvolved in the crystal packing, since several residues are observed



at the proximity of two symmetry-related monomers. However, the intermolecular

contacts seem weaker than the intramolecular contacts.

The active site and the cysteine residues

As previoudly observed in the E. coli and the bovine MsrA structures, the active site of
pMsrA is alarge open cavity, which gives high accessibility to the catalytic cysteine residue
Cys46. This amino acid, as well as residues Cys196 and Cys202, clearly shows an extra-
density on its sulfur atom that was unambiguously modeled as a bonded 3-mercaptoethanol,
present in the crystallisation solution. Cys81 also possesses an extra-density, however its
weaker weight and smallest size have been interpreted as a sulfenic acid (Figure 5). Only
Cys100 was observed in its reduced form. It is puzzling to note that neither in the E. coli
MsrA nor in the bovine enzyme structure, the three cysteine residues involved in the catalytic

mechanism are observed in areduced form.

Two successive intramolecular disulfide bridges are formed in the mechanism of the
E. coli and the bovine enzymes (Boschi-Muller et al., 2000; Lowther et al., 2000). Sequence
alignments point to Cys196 as the residue of pMsrA involved in the first disulfide bridge with
Cys46, and Cys202 would then form the consecutive bridge with Cys196. The distance
between Syss and Syiee, 18.0A, is far from being compatible with the formation of a disulfide
bridge. Therefore, the distances between the Sy atoms of the five cysteine residues have been
measured (Table VI) in order to evaluate their ability to form disulfide bridges, considering
that their current position would be unchanged in an hypothetical structure with five reduced
cysteine residues. None of the cysteine pairs, even the narrowest one (Cys46-Cys202, for
which the distance observed between the Sy atoms is 7.2A), is compatible with the formation

of adisulfide bridge if no conformational change occurs.



Discussion

Most of the available data concerning plant MsrA are devoted essentially to expression
studies, but unlike in other organisms, little is known about their catalytic mechanism and
structural properties (Sadanandom et al., 2002). This paper fills the gap in knowledge
concerning the plant enzymes by providing site-directed mutagenesis data together with afirst
tridimensional structure of aplant MsrA and a catalytic mechanism for poplar MsrA.

Catalytic mechanism of poplar MsrA

Using site-directed mutagenesis, all the five cysteines of cMsrA and the presupposed
essential cysteines of pMsrA have been mutated into serines. All the WT and mutated
recombinant enzymes are able to reduce MetSO with DTT as a reductant except the cMsrA
C31S and pMsrA C46S indicating that these cysteines are the catalytic ones. Moreover, the
Trx dependent regeneration was abolished for cMsrA C182S and C188S and unaffected for
the cMsrA C66S and C85S mutated proteins suggesting that C66 and C85 do not participate
to catalysis whereas the two C-terminal cysteines are involved in the cysteine sulfenic acid
reduction of C31. The stoichiometry of the reaction was checked for each recombinant
proteins. The results confirm previous observations but do not permit actualy to ascertain
definitively the involvement of the cysteines C182 and C188 in the Trx dependent reduction.
Whether these two cysteines are implicated to form two successive disulfide bridges as for the
E. coli enzyme, was also assessed by measuring the decrease in free thiol groups of each
recombinant protein after MetSO treatment. The data obtained from this experiment confirm
with no doubt that C31 (C46 for pMsrA) is the catalytic cysteine which is reduced after attack
of the sulfenic acid intermediates by C182 (C196) forming a first disulfide bridge. This
disulfide is subsequently attacked by C188 (C202) forming a second disulfide bridge between
C182 and C188 (C196 and C202) which will be reduced by Trx but not by Grx as a
mechanism similar to the E. coli MsrA (Boschi-Muller et al., 2000). Why Grx is not able to
reduce this disulfide is not clear actualy. Whether the redox potential of the C182-C188
disulfide is too low to be reduced by Grx or whether the interaction could be prevented by
steric hindrance or by unadapted surface protein recognition needs to be addresed.
Nevertheless, two independent observations are in the favor of a possible Grx dependent
regeneration of MsrA in other organisms. First, the growth on MetSO of a methionine
auxotroph Trx A" E. coli strain is restored by Grx 1 overexpresion (Stewart et al., 1998).

Second, a coding sequence, found in the red algae Gracilaria gracilis (accession number



AAD43253), consist of two Grx modules fused with a MsrA module. This module is highly
similar to other plant MsrA except for the absence of the cysteine equivalent to the C182 of
poplar cMsrA. Whether this protein use a different catalytic mechanism and is reduced by the
Grx modules in the presence of glutathione is not known actually.

To gain insight into the interaction between Trx and MsrA, 3D structures of each
partner must be resolved at least independently or in complex. Such attempts for linking
covalently the two proteins are under investigation. Some heterodimers are observed on non-
reducing SDS-PAGE when mixing MsrA and a monocysteinic Trx but the amount is too low
to isolate the complex (data not shown).

Structural comparison to other MsrA

Two structures of MsrA from E. coli and B. taurus are currently available (Lowther et
al., 2000 ; Tete-Favier et al., 2000). The amino acid sequences of these two enzymes are 57%
homologous and as a consequence their tridimensiona crystallographic structures present
extensive homologies. Both enzymes are monomeric, they share a common fold and the core
of the protein is similar, but the N and C-termini differ in both structures and none of the
cysteines is close enough to the catalytic cysteine to accomodate for the formation of a
disulfide bridge. Recent structural data obtained by NMR, which gives a more dynamic
picture of the protein, have confirmed that the cysteinyl side chains are indeed not properly
located for the formation of the necessary disulfide bridges (Beraud et al., 2002). As a
consequence, for both enzymes it has been postulated that important conformational
rearrangements are needed or the Trx-mediated regeneration of these enzymes. In connection
with these existing data it is obviously of interest to obtain the structure of an additional
MsrA.

The structure of the pMsrA from poplar presented here is rather similar to the ones
described for the bacterial and mammalian enzymes. All enzymes share the same fold and the
catalytic cysteine of the active site is in a similar environment. On the other hand, the
orientation and the amino acid composition of the C-terminal part that contains the two
additional cysteines implicated in the regeneration process is radically different from the E.
coli and B. taurus MsrA. Indeed, the spacing between the two C-termina located cysteinyl
residuesis 5 amino acids for poplar pMsrA instead of 7 or 8 amino acids for the mammalian
and bacterial enzymes respectively. Moreover, the high content in glycines between these two
cysteines is not present in the poplar enzyme. The C-terminal loop of pMsrA is highly

organized with many hydrogen bonds connecting the two parts of the loop whereas it is



poorly structured in the two other models. However as in the other MsrA, the cysteines are in
positions that do not allow for the formation of a disulfide bridge. Due to the positions of the
monomers in the crystal, it is likely that the conformation of the loop is influenced by the
packing of the molecules. In order to understand how the necessary disulfide bridges can be
created in pMsrA, molecular modelling studies have been undertaken. The results suggest that
there are two hinges in the loop centered on Gly residues (Gly43 and Gly195) that would
allow the required movement of the loop for catalysis to occur.

Conclusion

The data generated here suggest that MsrA enzymes have kept a similar structure and
mode of catalysis along evolution. In severa cysteine requiring enzymes such as thioredoxin
reductase of glutathione peroxidase, the mammalian catalysts have been altered into more
complex enzymes that contain selenocysteines. The presence of this residue is generally
correlated with a much higher specific activity of the enzyme. Plants are generally recognized
as lacking selenocysteines with the notable exception of the green alga Chlamydomonas
reinhardtii which does contain this unusual amino acid in many catalysts (Novoselov et al.,
2002). Analysis of the tridimensional structures of thioredoxin reductases indicates that the
plant enzyme (Arabidopsis thaliana) is similar to the bacterial enzyme (E. coli) but not to the
mammalian enzyme. Using this grid of evaluation, plants appear to be closer to bacteria than
to mammalians. Analysis of the MsrA structures leads to the conclusion that all models of this
protein have remained relatively constant along the lines of evolution. It could be correlated to
the presence of alternate catalysts as MsrB which seem to have varied more along evolution.
The need for severa isoforms of MsrA in cytosol of plants is not yet completely clear. The
major sources for ROS in plants are likely to be the peroxisomes, chloroplasts and to a lesser
extent mitochondria, but few enzymatic systems generate those oxidants in the cystosol. In
connection with this observation, it is puzzling that the cytosolic enzyme exhibits a higher
catalytic turnover than the plastidial enzyme. It remains to be determined whether this could
be compensated by a higher level of expression of the plastidial isoform. Another question to
be investigated is whether those enzymes are able to reduce peptide bound MetSO and
whether they display a preference for substrates in vivo when using oxidized proteins as
substrates instead of free L-MetSO.



Materials and M ethods

Cloning and site-directed mutagenesis

The nucleotidic sequences encoding cMsrA and pMsrA were cloned by PCR into the
expression plasmid pET-3d using as templates respectively aroot cDNA library of Populus x
interamericana (clone Beaupré) (Kohler et al., in press) and a leaf cDNA library of Populus
tremula x tremuloides (Larsson et al., 1997). Both reactions also contained Pfu DNA
polymerase (Promega) and the forward and reverse MsrA oligonucleotides described in Table
VII. In the pMsrA cloning, a codon for alanine was inserted downstream the methionine
closest to the putative cleavage site and the corresponding N-terminal amino acid sequence
starts thus with MANIL. Various moncysteinic mutations were introduced in the cytosolic
MsrA (cMsrA C31S, C66S, C85S, C182S, C188S) and plastidic MsrA (pMsrA C46S, C196S,
C202S) using two complementary mutagenic primers per mutation (Table VII) following a
procedure previously described (Jacquot et al., 1997). The introduction of the mutation in the
cDNA sequence was verified by sequencing.

Mutagenesis, expressionand purification of the recombinant proteins

The recombinant plasmids were used to transform the BL21(DES3) E. coli strain which
also contains the helper plasmid pSBET (Schenk et al., 1995). Cultures of 5 L of a kanamycin
(50 pg/mL) and ampicillin (50 pg/mL) resistant colony were grown at 37 °C and induced by
100 uM IPTG in the exponential phase. Bacteria were harvested by centrifugation,
resuspended in buffer A (30 mM Tris-HCI, 1 mM EDTA, 200 mM NaCl) containing 20 mM
DTT and lysed by sonication. The soluble and insoluble fractions were separated by
centrifugation. For the pMsrA WT, the recombinant protein was in the soluble fraction and
precipitated between 0 and 50% of ammonium sulfate. All the other recombinant proteins
were produced essentially as inclusion bodies with only a small soluble part when cultures
were grown at 30°C without induction. When needed, the insoluble fraction was resuspended
in buffer A in the presence of 20 mM DTT and 8 M urea and then dialyzed against 1 L of
buffer A containing 500 mM urea for at least 5 hours at 5°C (all subsequent steps were
realized at that temperature). The extract was centrifuged and the soluble fraction dialyzed
against 1 L of buffer A for 5 hours and centrifuged. The resulting soluble fraction was
purified by exclusion size chromatography onto an ACA 44 column equilibrated in buffer A.
The fractions of interest were pooled, dialyzed to remove salts, and separated by DEAE
Sephacel chromatography. The recombinant proteins were eluted around 100 mM NaCl using



a linear gradient from 0 to 400 mM NaCl. The purified fractions were dialyzed to remove
salts, adjusted to 1.6 M NaCl and applied to a Phenyl Sepharose column equilibrated with
buffer B (30 mM Tris-HCI, 1 mM EDTA, 1.6 M NaCl). The recombinant proteins were eluted
by a decreasing gradient between 1.6 and 0 M NaCl, dialyzed and concentrated. The purity of
the proteins was assessed using 15% SDS-PAGE. The protein concentration was estimated
spectrophotometrically using a molar extinction coefficient of 25700 M™* cm™ for cMsrA and
pMsrA. The proteins were stored at —30°C in buffer A either in the presence of 14 mM -
mercaptoethanol or 25to 30 mM DTT.

Cristallization, X-ray data collection, structure determination and refinement

Crystallisation of pMsrA was achieved by hanging-drop vapour-diffusion method in
Linbro multiwell tissue-culture plates, at 277 K. The purified enzyme was concentrated to 40
mg/ml in a solution containing 30 mM Tris-HCI, pH 7.0, 14 mM B-mercaptoethanol, and 1
mM EDTA. The crystals were grown from 4 ul droplets composed of equal volumes of the
protein solution and of the precipitant solution (10% W/V polyethyleneglycol 6000, 2 M
NaCl), and equilibrated against 700 uL reservoirs. Long needles (1 mm) with athin triangular
cross-section (0.03 mm) appeared after 6 weeks. Crystals were briefly soaked in a
cryoprotectant solution (10 % V/V methylpentanediol mixed with the precipitant solution)
and flash-frozen by fast immersion in nitrogen gas stream at 100 K, maintained during the X-
Ray diffraction experiments performed on beamline BM30A (FIP) at the ESRF.

Crystals belong to space group P3; with unit cell parametersa= b = 68.6A , ¢ = 40.7A
and contain one monomer per asymmetric unit. Using a wavelength of 1.009 A, one native
data set was collected up to 1.7A resolution, and processed using DENZO (Otwinowski and
Minor, 1997). Further detailsare given in Table 1V.

The structure was solved using the molecular replacement method implemented in
Molrep (Vagin and Teplyakov, 1997) of the CCP4 program suite. The initial model used in
Molrep consisted of the core (*'Gly-Pro'*) of the E. coli MsrA structure (PDB entry: 1FF3).
The molecular replacement solution was submitted to the Molrep mode and then to the
warpNtrace mode of the Arp/wArp5.1 automatic model building and refinement program
(Perrakis et al., 1999). It produced a model that contained 4 polypeptide chains representing
164 amino acids, with R and free-R factors of 20.6 and 25.8 %, respectively. Manual
corrections (in particular, building of the missing residues) and automatic CNS refinement
(Brunger et al., 1998) of the model were then performed in an iterative procedure, until the



model fulfilled satisfactory criteria. The final structure corresponds to 183 amino acids among
204 (residues #Pro-Gly*®), 183 water molecules, with R = 19.5 %, Rfree = 20.1%. Further
detailsare givenin Table V.

Thiol content titration

250 pg of the recombinant proteins were treated either with 50 mM DTT or 50 mM L-
MetSO during one hour at room temperature. The proteins were then precipitated on ice by
addition of one volume of 20% trichloroacetic acid (TCA) for 30 minutes. The proteins were
pelleted by centrifugation and washed twice with 2% TCA. The pellets were resuspended in
30 mM Tris-HCI pH 8.0, 1 mM EDTA and 2% SDS. The concentration of the proteins were
determined spectrophotometrically at this stage and then DTNB was added to a fina
concentration of 100 uM and the absorbance was read at 412 nm one hour later. The thiol
content was determined using a molar extinction coefficient of 13600 M™ cm™ for TNB'.

Enzymatic assays
HPLC detection and measurement of MsrA activity in the presence of DTT

The reaction mixture of 1 mL contained 10 mM DTT or various Trx amounts, 5 uM
pMsrA and 100 mM L-MetSO in buffer C. After 1, 2, 3 or 4 minutes, 2.5 pL of trifluoroacetic
acid (TFA) were added to aliquots of 250 uL and the methionine formed was measured by
HPL C on Sephasil C18 column (Boschi-Muller et al., 2000).

Thioredoxin dependent methionine sulfoxide reductase activity

The activity of cMsrA and pMsrA in the presence of Trx was measured by following
the NADPH oxidation at 340 nm in the presence of the Trx or Grx system. A 500 L cuvette
is constituted of 30 mM Tris-HCI pH 8.0, 1 mM EDTA, 200 uM NADPH, 2 uM Arabidopsis
thaliana NADPH thioredoxin reductase, various concentrations of cytosolic thioredoxins and
10 mM L-MetSO. After one minute of incubation, MsrA was added to the reaction mixture.
Trx hl and h3 and Grx from poplar were purified as described previously (Behm and Jacquot,
1999, Gelhaye et al., in press, Rouhier et al., 2002). The reaction was carried out at 30°C with
a Cary 50 spectrophotometer. The catalytic parameters for Trx or MetSO were determined at

saturating concentrations of the other enzyme substrate.



Soichiometry of methionine formation in the absence of reductants

The different proteins were reduced by 50 mM DTT and dialyzed twice against 1 L of
30 mM TrissHCI pH 8.0, 1 mM EDTA (buffer C). A typical 200 pL reaction mixture
containing 100 to 400 uM proteins and 100 mM L MetSO in buffer C was incubated at room
temperature for 10 minutes. 100 uL were then injected onto a Sephasil C18 column to
guantify the concentration of Met formed (Boschi-Muller et al., 2000).

NMR determination of activity

The reductase activity was determined by monitoring the reduction of MetSO to Met
by MsrA using DTT as reducing agent. The assay conditions were 100 mM phosphate buffer,
50 mM DTT, 20 mM L-MetR,S-SO at pH 8.5 in 90%/10% H,0/D,0. L-aanine (10 mM) was
used for internal concentration calibration. The enzyme was added directly in the NMR cell
and careful homogeneization of the sample was performed just before recording. NMR
spectra were recorded with 8 scans at 27 °C every 79 seconds on Varian Inova 400 MHz
spectrometer equipped with a triple-resonance (1H, 13C, 15N) probe including shielded z-
gradients. Data were processed using FEL1X 97 (Accelrys).
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Figurelegends

Fig. 1. Amino acid comparison of the two poplar MsrA with known MsrA sequences. The
sequences were compared using ClustalW. The accession numbers (GenBank or MATDB)
are as follow : Populus tremula x tremuloides pMsrA (Pt pMsrA) : xxxxx, Arabidopsis
thaliana cMsrA (At cMsrA) : At5g61640, Arabidopsis thaliana pMstA (At pMsrA) :
At4g25130, Brassica napus pMsrA (Bn pMsrA) : P54151, Populus tremula x tremuloides
cMsrA (Pt cMsrA) @ xxxxx, Escherichia coli MsrA (Ec MsrA) . NP_418640, Bos taurus
MsrA (Bs MsrA) : P54149. The stars represent strict amino acid identities.

Fig. 2. MetSO reductive activity of wild-type and mutant cytosolic (cMsrA) and plastidial
(pPMsrA) poplar sulfoxide methionine reductases. A) MetSO concentration evolution as a
function of time; cMsrA (full circles), pMsrA (full sguares), C31S mutant of pMsrA (open
circles), C46S mutant of cMsrA (open squares). B) Met concentration evolution as a function
of time; cMsrA (full circles), pMsrA (full squares), C31S mutant of cMsrA (open sgquares),
C46S mutant of pMsrA (open circles). Reactions were recorded at 25 «oC in the presence of
100 mM phosphate buffer with 50 mM DTT, 20 mM (L)Met(D,L)SO at pH 8.5. The enzyme
concentrations were for cMsrA, pMsrA, C31S and C46S: 4.7 M, 6.1 M, 4.7 M and 4.9 M
respectively. MetSO and Met concentrations were determined from the methyl peak intensity
of the MetSO at 2.65 ppm and the Met at 2.15 ppm.

Fig. 3. Cytraces of the pMsrA (blue) and E. coli MsrA (red). The five cysteinyl residues of the

poplar enzyme are shown in balls and sticks.

Fig. 4. Schematic drawing of the pMsrA structure. The B-strands are represented as arrows
and the o-helices as springs. The trace of residues **'Lys-Gly** is shown in red. The five

cysteinyl residues are shown in balls and sticks.

Fig. 5. 3Fo-2Fc electron density maps contoured at 1.2s in the Cys46 (a), Cys81 (b), Cys100
(c), Cys196 (d) and Cys202 (€) regions. Cys46, Cysl96 and Cys202 are bonded to a j3-
mercaptoethanol molecule via a disulfide bridge. Cys81 is observed as a sulfenic acid, while
Cysl100 isin reduced form.






"PAUILLLIBIBP 10U : "P°U "BRNISUNS JBY10 8] JO UoIe)uaduod Buleinies e panseawl ajom OSB N
pue €y X41 ‘TY XIL Joj wy dyl "visNd N € Jo WISNO I G0 pue siouop U018 Se gy pue Ty XJ1 91j0soifd sejdod ‘OS-S'H-BIN-T NW
0T Joa2ussaud ay) ul uoiepIXo H4A VN a8yl Buimo|jo) Aq pauiweiep alom seeweled asay ] “V.IS|IND pue VisINd Jo sieeweled onAer) *|a|jqe L

or'0) 22T 2T 620 | EEF6EC pu 8F6'LT | vsind
(GsT) €L ETe 2T | TOTFE8E | TEFGLT | 6CTFCST | VSN
(upoud Buuiw/xo HdavN sajowr) | (S N OTX) | (;S) (M) (M)
(Ssjowruiw/xo HAAQVN sajowrl) | OSPAY geoy | Jedy | OSPWy sy | (M) Tl

Xew A




Stoichiometry

CMsrA wt 1.72 (2
cMsrA C31S 0(0)

cMsrA C66S 1.4 (2)

cMsrA C85S 1.41(2)

cMsrA C182S 1.16 (1)

cMsrA C188S 1.68 (1)
pMsrA wt 1.8(2)

Tablell. Stoichiometry of Met formed in the absence of reductant. The results are expressed

in mol Met formed /mol enzyme. In parenthesis, the theoretical ratio based on the catalytic

mechanism of E. coli.



Number of free thiols Number of freethiols | Decreasein free

without L-Met-R,S-SO with L-Met-R,S-SO thiols

cMsrA wt 4.48 (5) 1.11(2) 3.37(3)
cMsrA C31S 3.9(4) 3.7(4) 0.2 (0)
cMsrA C66S 4.09 (4) 0.7 (1) 3.39 (3)
cMsrA C85S 3.9(4) 0.4 (1) 35(3)
cMsrA C182S 3.4 (4) 2.37 (3) 1.03 (1)
cMsrA C188S 3.85(4) 15(2) 2.35(2)
PMsrA wt 4.25 (5) 1.33(2) 2.92 (3)
pPMsrA C46S 4.3 (4) 4.0 (4) 0.3(0)
pMsrA C196S 35(4) 2.4 (3) 1.1(2)
PMsrA C202S 4.1 (4) 1.8(2) 2.3(2)

Tablelll. Thiol content of WT and mutants MsrA after treatment or not with L-Met-R,S-SO.
In parenthesis, the theoretical content of thiols based on the catalytic mechanism of E. coli
MsrA.



Wavelength
Temperature
Resolution

Number of measured
reflections

Number of independent
reflections
Completeness

Rgym

<I>/<c>

1.009 A (ESRF, BM30)
100 K

25.0-1.7 (1.74-1.70) A
114471

23121
98.2 (83.4) %

4.8(21.9) %
8.6 (2.5)

TablelV. Statistics of X-ray diffraction data collection for the pMsrA crystals. Vauesin
parenthesis refer to datain the highest resolution shell.



Resolution range’ (A) 25.0—1.7 (1.76 — 1.70)

No. of reflections used for R calculation 21710 (1812)
No. of reflections used for Ry calculation 1103 (84)
Data cutoff F/TJ(F) 0.0
R value' (%) 19.5 (23.4)
Riree value' (%) 20.1(23.4)
No. of non-hydrogen protein atoms 1478
No. of water molecules 183
Mean B-factor, protein main chain atoms (A?) 23.6
Mean B-factor, protein side chain atoms (A?) 25.2
Mean B-factor, solvent atoms (A?) 28.5
B-factor from the Wilson plot (A?) 27.6
Ramachandran plot:

residues in most favoured regions (%) 92.7

residues in additionally allowed regions (%) 7.3

residues in generously allowed regions (%)
residues in disallowed regions (%)
Rms deviation from ideal geometry

bond length (A) 0.006

bond angle (°) 131
Rms deviation for isotropic thermal factor restraints

(A?): 0.98

Main-chain bond 1.53

Main-chain angle 1.82

Side-chain bond 2.65

Side-chain angle

Table V. Refinement and model statistics. "Values indicated between parenthesis correspond
to statistics in the outer resolution shell.



Cys46 | Cys81 | CyslO0 | Cysl96 | Cys202

Cys46 10.0 A 221A 18.0A 72A

Cys81 221A 275A 16.0 A
Cys100 16.4 A 228A
Cys196 158 A
Cys202

Table VI. Distances measured between the Sy atoms of the five cysteine residues present in
the pMsrA structure.



cMsrA forward

CMsrA reverse

cMsrA C31Sforward
cMsrA C31Sreverse
cMsrA C66S forward
cMsrA C66S reverse
cMsrA C85S forward
cMsrA C85S reverse
cMsrA C182S forward
cMsrA C182Sreverse
cMsrA C188Sreverse
pMsrA forward

pMsrA reverse

pMsrA C46S forward
pMsrA C46S reverse
pMsrA C196S forward
pMsrA C196S reverse

pMsrA C202S reverse

5 CCCCCCATGGCAACCAGCACCACCAAT 3

5 CCCCGGATCCTTAACCATAGCATCTAATAGG 3

5 GCTCAATTCGGAGCTGGAAGTTTCTGGGGGGTT 3
5 AACCCCCCAGAAACTTCCAGCTCCGAATTGAGC 3
5 ACTTACAAGCTGGTATCCACCAACACCACCAAC?Z
5 GTTGGTGGTGTTGGTGGATACCAGCTTGTAAGT 3
5 TTTGACCCGGAAGTTTCCCCATATACCAACCTC 3
5 GAGGTTGGTATATGGGGAAACTTCCGGGTCAAA 3
5 TCTGCTGAAAAAGGTTCCAATGACCCTATTAGA 3
5 TCTAATAGGGTCATTGGAACCTTTTTCAGCAGA 3
5 CCCCGGATCCTTAACCATAGCTTCTAATAGGGTCATTGCA 3
5 CCCCCCATGGCTAACATCCTTAGCAAACTAGGC 3
5 CCCCGGATCCTTAGCCATAGCATCGGATTGGATC 3
5 TTTGGAGCTGGTTCTTTTTGGGGTGTT 3

5 AACACCCCAAAAAGAACCAGCTCCAAA Z

5 GCTGAGAAAGGATCCAATGATCCAATC 3

5 GATTGGATCATTGGATCCTTTCTCAGC 3

5 CCCCGGATCCTTAGCCATAGGATCGGATTGG 3

Table VII. Cloning and mutagenic olignucleotides. The Ncol and BamHI restriction sites are
underlined and the mutagenic bases in bold characters. The primer pMsrA forward alows us

to integrate an alanine (codon GCT in bold) downstream the initial methionine.



Pt
At
At
Bn
Pt
Bt
Ec

Pt
At
At
Bn
Pt
Bt
Ec

Pt
At
At
Bn
Pt
Bt
Ec

Pt
At
At
Bn
Pt
Bt
Ec

Pt
At
At
Bn
Pt
Bt
Ec

pMsrA
CcMsrA
pMsrA
pMsrA
CMsrA
MsrA

MsrA

pMsrA
cMsrA
pMsrA
pMsrA
cMsrA
MsrA

MsrA

pMsrA
cMsrA
pMsrA
pMsrA
CcMsrA
MsrA

MsrA

pMsrA
cMsrA
pMsrA
pMsrA
CcMsrA
MsrA

MsrA

pMsrA
cMsrA
pMsrA
pMsrA
cMsrA
MsrA

MsrA

MLQTLSTHLSSTSTSTTTPLLLLSKPFLSPSAKSQLSHSKPENFPRTLKPISYYKPMN-1

MQVLVVSPPLIAAASLSKPLNSLSKAALSFS---RAKPICPFPQTSRRP I SVYKSPMNNL
MLSIVASPPV I SAVSLSKPLQSLAKAALSLSK--RAKPTSPFPKTAR-S1SVYKSPMNNL

LSKLGFGTRSPDPSTMDPT----1PQGPDDDLPAPGQQFAQFGAGCFWGVELAFQRVPGV
LNRLGLGSSGQ—--TNMDPS—--PIAQGNDDDTPAPGNQFAQFGAGCFWGVELAFQRVPGV
FNRLGFGSRPQ--AQADPS-SAATAQGPDDDVPSSGQQFAQFGAGCFWGVELAYQRVPGV
FTRLGFGSRP----QPDPAASSAIAQGPDDDVPSPGQQFAQFGAGCFWGAELAYQRVPGY
--—-MATSTTNP---ALDPD----LGQ-PDN--P--NHEFAQFGAGCFWGVELAFQRLHGV
SPQEALPGRKE---PLVVAAKHHVNGNRTVEPFPEGTQMAVFGMGCFWGAERKFWTLKGV
SPADALPGRNT---PMPVATLHAVNG- HSMTNVPDGMEIAIFAMGCFWGVERLFWQLPGV

* * *khkkkk X

TKTEVGYTQGLLHNPTYEDVCTGTTNHNEVVRVQYDPKECSFDTL IDVLWARHDPTTLNR
TQTEAGYTQGTVDNPSYGDVCSGTTGHSEVVRVQYDLNDCTYESLLDLFWSRHDPTTLNR
TKTEVGYSHGIVHNPSYEDVCTGTTGHNEVVRVQYDPKECSFESLLDVFWNRHDPTTLNR
TKTEVGYSHGFVDNPTYEDVCSETTGHNE IVRVQYDPKEVSFESLLDVFWKRHDPTTLNR
VKTEVGYSQGNVPDPTYKLVCTKTTNHVEVVRVQFDPEVCPYTNLLSLFWSRHDPTTLNR
YSTQVGFAGGYTPNPTYKEVCSGKTGHAEVVRVVFQPEHI SFEELLKVFWENHDPTQGMR
YSTAAGYTGGYTPNPTYREVCSGDTGHAEAVRIVYDPSVISYEQLLQVFWENHDPAQGMR

* * * * * *x * X * X% * *x*k *

QGNDVGTQYRSGI1YYYTPEQEKAAKESLERQQ----K-LLNRKIVTEILPAKKFYRAEEY
QGNDVGTQYRSGI1YFYTPEQEKLARESLERHQ----Q-QMERKIMTE 1 LPAKKFYRAEEH
QGGDVGTQYRSGIYYYTDEQERIAREAVEKQQ----K-I1LNKRIVTEILPATKFYRAENY
QGNDVGTRYRSGI1YFYTDEQEKLAREAMEKQQ—----K-1LNRKIVTEILPATKFYRAENY
QGGDVGTQYRSGI1YYYNEAQAKLAQESKEAKQ----LGLTDNTVVTEILPAKRFYRAEEY
QGNDHGSQYRSAIYPTSAEHVGAALKSKEDYQKVLSEHGFG-LITTDIREGQTFYYAEDY
QGNDHGTQYRSAIYPLTPEQDAAARASLERFQAAMLAADDDRHITTEIANATPFYYAEDD

**x * * *x **x * * **x *x

HQQYLAKGGRFGFMQSAEKGCNDP IRCYG
HQQYLSKGGRFGQGQSTAKGCNDP IRCYG
HQQYLAKGGRMGLRQSAEKGCKDP IRCYG
HQQYLAKGGRMGLSQSAEKGCNDP IRCYG
HRQYLEKGGGRSAKQSAEKGCNDP IRCYG
HQQYLSKDP-DGYCGLGGTGVSCPLGIKK
HQQYLHKNP-YGYCG GG 1 GVCLPPEA--

* **k*x * * *

59

57
57

29
10

115
58
114
113
45
86
66

175
118
174
173
105
146
126

230
173
229
228
161
205
186

259
202
258
257
190
233
212
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Discussion



Discussion

1. Le réle des espéces réactives chez les plantes

Le peuplier (Populus sp.) constitue un organisme modéle des plantes
ligneuses au méme titre qu’Arabidopsis thaliana pour les espéces herbacées, que
Chlamydomonas reinhardtii et Synechocystis sp. pour les organismes unicellulaires
photosynthétiques eucaryotiques et procaryotigues. Des programmes de
séquencage d’EST ou du génome ont été entrepris pour ces différentes espéces,
permettant I'accés a de nombreuses séquences génomiques. L’annotation des
genes constituant le génome de ces especes démontre que beaucoup n’ont pas
encore de fonction connue. Actuellement, de nombreux outils sont développés pour
identifier leur fonction et permettre de regarder a grande échelle les changements
intervenant au niveau des géenes (génomique), de leur expression (transcriptomique),
des protéines (protéomique) et des métabolites (métabolomique). Le peuplier est un
arbre d’importance économique possédant un petit génome (550 Mb), qui peut étre
propagé végétativement et transformé par Agrobacterium tumefaciens. De plus, des
programmes génétiques de cartographie de QTL sont engagés. Ainsi, de hombreux
programmes de séquencages EST ont débuté en Suéde essentiellement mais aussi
a lintérieur de notre unité de recherche. Prés de 115 000 EST sont actuellement
disponibles dans la base de donnée GenBank de NCBI
(http://www.ncbi.nlm.nih.gov). Comme tous les organismes dépourvus de
mouvements, les arbres sont soumis a des contraintes biotiques dues a divers micro-
organismes (bactéries, champignons, virus) et aussi a de nombreuses contraintes
abiotigues comme la sécheresse, la pollution atmosphérique, la forte salinité ou
'accumulation de métaux lourds dans les sols et les conditions changeantes de
température et de lumiére (Figure 19). Toutes ces réactions engendrent la formation
d’especes réactives oxygéeneées, nitrées ou soufrées, souvent toxiques pour les
cellules. Ces molécules, radicalaires ou non, produites en grande quantité lors d’un
dysfonctionnement métabolique, doivent étre maintenues sous contrdle. Par ailleurs,
il apparait de plus en plus que le peroxyde dhydrogéne et l'oxyde nitrique
notamment jouent un rble essentiel dans la signalisation cellulaire. Ces especes
réactives activent ou désactivent des protéines (canaux calciques ou potassiques,
calmoduline), oxydent des facteurs de transcription qui vont a leur tour modifier
I'expression de nombreux autres génes et modulent I'action de phosphatases ou de

kinases et par conséquent régulent des voies de transduction (Van Camp et al.,
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1998 ; Kovtun et al., 2000 ; Pei et al., 2000 ; Meinhard & Grill, 2001 ; Murata et al.,
2001, Zhang et al., 2001a ; Neill et al., 2002 ; Rodriguez et al., 2002 ; Yang et al.,
2002a). Ainsi, I'action d’'H,O, a été démontrée dans de nombreux phénomenes, le
gravitropisme des racines, la mort cellulaire programmée, le contrdle de I'ouverture et
de la fermeture des stomates, la mise en place de la symbiose Rhizobium-
Légumineuses et les phénomeénes de croissance et de développement (Bestwick et
al., 1997 ; Joo et al., 2001 ; Zhang et al., 2001b ; Hérouart et al., 2002 ; Ren et al.,
2002 ; Tiwari et al., 2002). Par conséquent, tous les systemes et enzymes impliqués
dans la dégradation des ROS et RNS ont potentiellement un réle a jouer dans ces

phénomenes.
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Figure 19: Formation et dégradation des ROS et RNS et changements
induits dans la cellule. Les ROS et RNS produits par le fonctionnement de
certaines enzymes ou suite a l'apparition de stress biotiques et abiotiques
provoquent de nombreux dommages pour les macromolécules, modifient
'expression des genes et régulent certaines activités enzymatiques. Ces
composés sont d’autant plus dangereux qu’ils réagissent entre eux (réactions de
Fenton et de Haber-Weiss) pour former des molécules encore plus destructrices
(Henle & Linn, 1997).
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2. Intervention des Trx, Grx, Prx et MsrA dans la lutte antioxydante

Une approche de caractérisation des protéines (production de protéines
recombinantes, mutagenese dirigée, activités enzymatiques) a été employée dans ce
travail pour étudier d'un point de vue fonctionnel et structural différentes isoformes de
Trx et de Grx mais aussi leur interaction avec deux type d’enzymes cibles, les Prx,
enzymes qui détruisent les alkyl ou phospholipide hydroperoxydes et les méthionine
sulfoxyde réductases, enzymes qui réduisent les MetSO libres ou intégrées dans des
peptides. Sous-jacent a ce travail, il serait intéressant de déterminer si ces multiples
isoformes de Trx, Grx, Prx et MsrA sont redondantes ou spécifiques de certaines
fonctions. En effet, il existe au moins 55 Trx ou Grx mono ou bicystéiniques chez A.
thaliana, de nombreuses protéines « thioredoxin like », 8 isoformes exprimées de Prx
dans différents compartiments cellulaires dont au moins 4 sont localisées dans le
chloroplaste et au moins 4 isoformes de MsrA dont 3 sont vraisemblablement
cytosoliques. Pour ce qui est des Prx, cette redondance est d'autant plus
surprenante qu'il existe également 6 isoformes de catalases, au moins 8 de Gpx et 7
d’Apx (Frugoli et al., 1996, résultats de blast dans MATDB). Cette étude visait donc a
déterminer la localisation et le r6le de ces isoformes dans les différents organes de la
plante et a isoler si possible des cibles spécifiques de ces isoformes et identifier leur

mode d’interaction.

2.1 Spécificité ou redondance des systémes réducteurs ?

Le travail préalable mené sur les Trx h et les Grx de peuplier consiste a isoler
et caractériser les différentes isoformes constituant les systéemes de réduction du
peuplier.

Quatre isoformes de Trx cytosoliques bicystéiniques ont ainsi été isolées chez
le peuplier, popTrx hl, h3 et h4, une Trx monocystéinique (popTrx CxxS2), une Trx
mitochondriale (popTrx h2) et deux Grx, une bicystéinique et une monocystéinique.
Les isoformes popTrx hl et h3 possédent 2 sites actifs difféerents (WCPPC et
WCGPC respectivement) mais elles ont toutes deux la capacité de réduire les Prx (Q
et de type Il) et les MsrA suggérant qu’il 'y a pas de spécificité in vitro des Trx
envers ces enzymes alors que la Grx ne réduit que la Prx de type Il. Néanmoins,

certaines spécificitées entre donneurs d’électrons et protéines cibles existent
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guelquefois in vitro. Des études d’activité entre 7 Trx chloroplastiques d’A. thaliana et
3 protéines cibles (FBPase, MDH a NADP et Prx a 2 cystéines) indiquent que
certaines Trx ne réduisent spécifiquement que certaines protéines cibles. Ainsi, par
exemple la Trx x ne réduit que la Prx a 2 cystéines et la FBPase n’est réduite que par
la Trx f (Collin et al., 2003). Certains travaux ont déja mis en évidence ce type de
spécificité in vivo. Ainsi, la complémentation d’un double mutant pour les Trx de S.
cerevisiae avec différentes Trx (h, m, f et x) d’A. thaliana a permis de montrer que
des spécificités de reconnaissance existent puisque certaines Trx cytosoliques et
chloroplastiques testées ne complémentent que certaines déficiences (Mouaheb et
al., 1998 ; Bréhelin et al., 2000 ; Issakidis-Bourguet et al., 2001).

La spécificité d'interaction peut étre due également a une localisation
commune et/ou une expression simultanée dans le temps du réducteur et de la
protéine cible. Ainsi, des études d’expression menées avec une Trx h de Zea mays,
deux Trx h de Triticum aestivum, 8 Trx h et 5 Trx chloroplastiques d’A. thaliana
démontrent que les genes ne sont effectivement exprimés que dans certains organes
ou tissus ou seulement en réponse a des traitements précis (Mestres-Ortega &
Meyer, 1999 ; Serrato et al., 2001 ; Reichhheld et al., 2002 ; Santandrea et al., 2002).

Ces études sur la spécificité ne concernent pas que les plantes, ainsi chez
Helicobacter pylori et D. melanogaster, seule une des 2 Trx isolées est capable de
réduire respectivement une AhpC ou la thiorédoxine peroxidase 1 (Baker et al.,
2001 ; Bauer et al., 2002). Chez E. coli, il existe 2 Trx et 3 Grx bicystéiniques et
seules certaines sont des donneurs d’électrons pour des protéines cibles telles que
la ribonucléotide réductase ou la PAPS réductase (Russel et al., 1990 ; Aslund et al.,
1994 ; Lillig et al., 1999).

Lorsque jai débuté mon travail de recherche, pratiquement aucune
information n’était disponible sur les Grx de plantes. La production de la protéine
recombinante chez E. coli, rendue possible par des modifications de la séquence
nucléotidique et par l'utilisation du plasmide pSBET a été une avancée importante.
En effet, ce plasmide a permis également I'expression de protéines qui n’étaient pas
produites en son absence, mais aussi I'expression plus importante de certaines
protéines. Cette Grx possede une activité de réduction du DHA en ascorbate et
représente donc un systeme alternatif aux DHAR. Cette enzyme est aussi un
donneur d’électrons potentiel pour la RNR de peuplier puisqu’elle est capable de

réduire celle d’E. coli. Toutefois, elle ne permet pas de réduction directe d’'H,O,
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contrairement a la Grx1 de S. cerevisiae et a une isoforme de Grx d’O. sativa
(Collinson et al.,, 2002 ; Lee et al.,, 2002). Par contre, cette Grx participe tout de
méme a la détoxication des ROS en tant que donneur d’électrons pour la Prx de type
Il mais pas pour la Prx Q ni pour les MsrA. Cette Prx de type Il constitue donc la
premiere enzyme cible des Grx identifiée chez les plantes. L'importance des acides
aminés constituant le site actif de cette Grx (,sYCPYCgzp) a notamment démontré
gu’elle peut fonctionner selon un mode monothiol puisque la Cys30 n’'est pas
nécessaire pour la plupart des réactions catalysées par la Grx. De plus, la
transformation du site actif en un site actif de Trx (26 WCPPC30) n'est pas suffisante
pour modifier I'activité de I'une en l'autre. En effet, les interactions des Trx et des Grx
avec leurs protéines cibles dépendent de plusieurs parameétres, notamment de la
présence en surface de la protéine d’acides aminés hydrophobes ou chargés (Kim et
al., 2003).

D’autres cibles des Grx ont déja été identifiees chez d’autres organismes. Ce
sont souvent des facteurs de transcription ou des enzymes qui réagissent avec les
Grx soit pour la réduction de ponts disulfures soit pour les phénoménes de S-
thiolation (Bjornstedt et al., 1994 ; Davis et al., 1997 ; Demple et al., 1998 ; Barrett et
al., 1999 ; Shi et al., 1999 ; Hirota et al., 2000 ; Bandyopadhyay et al., 2001, Daily et
al.,, 2001a; Lillig et al., 2003 ; Song et al.,, 2003). En général, ces cibles sont
également réduites par les Trx mais linverse est moins vrai. || semble que
I'explication principale soit le potentiel redox plus électronégatif des Trx par rapport
aux Grx.

Une particularité des Grx est I'existence de tres nombreuses isoformes de Grx
monocystéiniques alors que seulement 2 isoformes de Trx monocystéiniques ont été
identifiées chez A. thaliana. En effet, ces Grx sont fonctionnelles et jouent un réle
essentiel notamment dans les phénomenes de S-thiolation comme Ia
glutathionylation au méme titre que les enzymes bicystéiniques (Klatt & Lamas,
2000 ; Starke et al., 2003). Ce processus intervient souvent en réponse a un stress
oxydant pour protéger les cystéines critiques de certaines enzymes contre une
oxydation irréversible (Fratelli et al., 2002). De maniére surprenante, aucune
information sur la glutathionylation chez les plantes n'est présente alors qu’elles
possedent un trés grand nombre d’isoformes de Grx monocystéiniques. Par contre,
guelques informations concernant la fonction de ces enzymes sont disponibles pour

d’autres organismes. Parmi les 3 Grx monocystéiniques Grx 3, Grx 4, et Grx 5
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identifiées chez S. cerevisiae, Grx 5, qui a une localisation mitochondriale, joue un
réle dans la réponse au stress oxydant, dans I'assemblage des centres fer-soufre et
dans les phénoménes de S-thiolation (Rodriguez-Manzaneque et al., 1999 ; Belli et
al., 2002 ; Rodriguez-Manzaneque et al., 2002 ; Shenton et al., 2002). De plus, un
triple mutant de ces isoformes n’est pas viable démontrant I'importance de ces Grx a
1 cystéine (Rodriguez-Manzaneque et al., 1999). Par ailleurs, les Grx 3 a 5 de S.
cerevisiae et une Grx a 1 cystéine de Plasmodium falciparum, qui possédent un site
actif CGFS, sont homologues au motif protéique appelé PICOT-HD (Protein Kinase
C Interacting Cousin of Thioredoxin Homology Domain) suggérant que ces protéines
pourraient jouer un réle dans la régulation de cette kinase (Ilsakov et al., 2002 ;
Rahlfs et al., 2001).

2.2 Les connexions entre les systemes Trx et Grx

Dans la plupart des cellules vivantes, I'équilibre rédox est maintenu par les
systemes TR/Trx et GR/GSH/Grx. Une des inconnues majeures est la relation entre
ces systemes in vivo.

Chez S. cerevisiae, il semble que la fonctionnalité d'un seul des deux
systémes est suffisante pour la viabilité (Draculic et al., 2000). De plus, ces auteurs
démontrent que le systeme Trx est maintenu réduit indépendamment du systeme
GSH/Grx (Trotter & Grant, 2003).

Des données récentes indiquent qu’'une Trx humaine est glutathionylée en
réponse a un stress oxydant sur une des trois cystéines additionnelles a celles du
site actif, lui faisant perdre sa capacité de réducteur (Casagrande et al., 2002). Cette
réaction est réversible puisque la Trx peut retrouver son activité apres s'étre
déglutathionylée de maniere auto-catalytique. Il est intéressant de noter également
gue l'activité de cette Trx peut aussi étre régulée par nitrosylation sur une des 2
autres cystéines (Haendeler et al., 2002). Certaines Trx ou Grx de plantes possedent
également des cystéines additionnelles qui pourraient étre impliquées dans ce type
de régulation.

Par ailleurs, il existe des organismes qui ne possedent pas de voie de
biosynthése du GSH. C’est le cas de la plupart des bactéries Gram® et de bactéries
Gram™ telles qu'H. pylori ou Haemophilus influenzae (Comtois et al., 2003;

Vergauwen et al., 2003). Ce dernier doit prélever du GSH chez son hoéte afin de
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I'utiliser pour réduire des protéines GSH dépendantes et notamment une protéine
fusion entre des modules Prx et Grx impliquée dans la défense contre les ROS
produit par les macrophages (Vergauwen et al., 2003).

De plus, il semble qu'un systeme de réduction particulier ait évolué chez les
insectes. En effet, aucune GR, homologue a celles caractérisées chez d'autres
organismes n'a jamais été trouvée chez ces organismes qui possédent néanmoins
du GSH. Il a ainsi été démontré chez D. melanogaster notamment qu’'un systeme
TR/Trx était capable de réduire le glutathion oxydé (GSSG) (Kanzok et al., 2001). Ce
systeme n’est pas unigue puisque le systeme Trx de P. falciparum est aussi capable
de réduire le GSSG avec une plus grande efficacité que la GR (Kanzok et al., 2000).
Aucune activité de ce type n’a été détectée jusqu’a présent avec les Trx de peuplier.

Enfin, une sélénoprotéine comportant une Grx couplée a une Trx réductase
NADPH dépendante a été mise en évidence chez les mammiferes et certains
parasites (Sun et al., 2001 ; Agorio et al., 2003). Cette enzyme fonctionne a la fois
avec le GSH et avec la Trx constituant un systeme bifonctionnel inédit. Chez
Clostridium pasteurianum, une fusion entre une TR NADH dépendante et une Grx a

eégalement été caractérisée (Reynolds et al., 2002).

2.3 Les mécanismes de réduction catalytiques des Prx et des MsrA

L’activité de ces enzymes est basée sur la présence de cystéines réactives qui
vont former des acides sulféniqgues (SOH) intermédiaires. Ces derniers pourront
ensuite soit étre réduits directement par les Trx ou les Grx soit étre impliqués dans la
formation de ponts disulfures intra ou intermoléculaires qui seront ensuite réduits par
échange dithiol-disulfure avec les Trx et les Grx. Jusqu’'a présent, peu de protéines
ont été démontrées ayant un SOH en tant qu’intermédiaire réactionnel (Claiborne et
al., 2001). Ce sont essentiellement des disulfide réductases a FAD telles que les
NADH peroxidases, NADH oxydases et GR, ou des protéines dépendantes des Trx
ou des Grx, telles que les Prx, les MsrA et B, des tyrosine phosphatases et les
facteurs de transcription AP1 (Activator Protein-1), OhrR (organic hydroperoxide
resistance) et OxyR (Claiborne et al., 2001 ; Fuangthong et al., 2002).

Pour élucider d’'une part le mécanisme catalytique de I'enzyme et d’autre part
le mode d’interaction entre la cible et son réducteur, deux types d’approches ont été

utilisées. La premiére a été d’isoler lorsque cela est possible des protéines de fusion
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entre les modules a étudier alors que la deuxieme a été de muter systématiquement
les cystéines des protagonistes et de suivre l'activité des différentes protéines
mutées selon toutes les combinaisons possibles.

Toutes les Prx possedent une cystéine en position N-terminale, conservée
guelles que soient les séquences de Prx considérées. Elle a été clairement établie
comme la cystéine catalytique qui attaque les hydroperoxydes et qui est transformée
en SOH. Néanmoins, la régénération de ces enzymes varie selon les types de Prx
envisagés. Ce travail de mutagenése a permis de mettre en évidence que la Prx de
type Il fonctionne avec une seule cystéine et surtout qu’elle accepte a la fois les Trx
et les Grx pour la réduction du SOH formé au cours de la catalyse. De maniére tout a
fait intéressante, ’homologue de la Prx de type Il chez les mammiferes (Prx V)
possede un pont disulfure intramoléculaire entre la cystéine catalytique et une autre
cystéine située du coté C-terminal en position 152. Ce pont disulfure n’est réduit que
par les Trx suggérant soit que le potentiel rédox de cette Prx constitue une barriere
thermodynamique pour une réduction par la Grx, soit que l'interaction avec la Grx
n'est pas possible a cause de l'absence de résidus spécifiques nécessaires a
l'interaction ou pour des raisons de conformations spatiales inadaptées (Seo et al.,
2000). Jusqu’a présent c’est la seule isoforme de Prx de plante qui utilise la Grx en
tant que donneur d’électrons. Les seuls autres exemples décrits dans la littérature
sont la réduction d'une Gpx humaine par les systemes Trx et Grx, la réduction d’'une
Prx appelée AhpC par la fusion NADH TR/Grx chez Clostridium pasteurianum et la
réduction par le GSH d’'une protéine de fusion entre une Grx et une Prx homologue
aux Prx de type Il de plantes chez Chromatium gracile et H. influenzae notamment
(Bjornstedt et al., 1994 ; Vergauwen et al., 2001 ; Reynolds et al., 2002 ; Pauwels et
al., 2003). Une protéine de fusion Grx/Prx de Neisseria meningitidis, produite chez E.
coli et purifiée, présente une activité de réduction des hydroperoxydes en présence
de GSH (Roubhier et al., résultats non publiés). Chague module possede son activité
de réduction spécifique dans la protéine de fusion mais aussi lorsque chaque module
est isolé indépendamment.

L’autre isoforme de Prx caractérisée dans ce travail est une Prx Q, homologue
a des protéines appelées BCP pour « bacterioferritin comigratory proteins ». Ces Prx
possédent généralement 2 résidus cystéinyls séparés par 4 acides aminés mais
certains organismes possédent des BCP avec la cystéine catalytique comme seule

cystéine conservée (Jeong et al., 2000). Au commencement de ce travail, il existait
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une ambiguité quant au mécanisme utilisé par cette enzyme puisque les 2 cystéines
de la Prx Q de Sedum lineare étaient essentielles a I'activité de la protéine alors
gu’une seule I'était pour la BCP d’E. coli (Jeong et al., 2000 ; Kong et al., 2000). Ce
travail démontre la présence d’'un pont disulfure intramoléculaire dans la Prx Q de
peuplier qui ne sera réduit que par les Trx. Par contre, le mutant de la deuxieme
cystéine (Prx Q C51S), qui mime les séquences de BCP a une seule cystéine,
conserve une activité de réduction des hydroperoxydes en présence des Trx ou des
Grx, suggérant cette fois que les deux protéines sont capables de réduire le SOH
formé. Dans ce cas, il semble que la Grx soit capable d’interagir avec la Prx Q mais
pas de réduire le pont disulfure formé, la encore vraisemblablement pour un
probleme de différence de potentiel rédox insurmontable.

Pour les Prx, 'oxydation du SOH formé pendant la catalyse en acide sulfinique
(SO,H) ou sulfonique (SO3H) était présumée jusqu’a maintenant étre une
modification irréversible de la protéine inactivant I'enzyme. Cet état sur-oxydé a été
visualisé pour différentes Prx et se traduit par I'apparition d’'une forme de Prx avec un
pl plus acide observable par électrophorése bidimensionnelle (Prouzet-Mauleon et
al., 2002 ; Rabilloud et al., 2002 ; Yang et al., 2002 ; Baker et al., 2003). Pour la Prx
de S. cerevisiae Ahpl et la thiol peroxidase d’E. coli, I'inactivation est induite par des
alkyl hydroperoxydes mais pas par H,O, (Prouzet-Mauleon et al., 2002 ; Baker et al.,
2003). Pour les enzymes humaines, il semble quH,O, soit capable d’induire
l'inactivation de la Prx seulement si celle-ci est engagée dans le cycle catalytique en
présence du systeme Trx (Yang et al., 2002b). Néanmoins, un article récent décrit la
réduction d’'un acide sulfiniqgue de la Prx | de mammifére la rendant a nouveau active
(Woo et al., 2003). Dans le méme temps, un autre article démontre I'existence d’'une
conformation structurale qui expliquerait pourquoi les Prx a 2 cystéines bactériennes
sont moins sujettes a I'oxydation que leur homologue eucaryote (Wood et al., 2003b).
Cette sensibilité des enzymes eucaryotes est interprétée comme un moyen de

faciliter la signalisation par H,0..

Les Msr sont des enzymes connues depuis longtemps pour réduire les MetSO
en Met et pour utiliser le systeme Trx comme donneur de pouvoir réducteur mais ce
n'est que récemment que le mécanisme catalytiqgue et le mode de régénération des
MsrA et MsrB ont été mis en évidence chez E. coli (Boschi-Muller et al., 2000 ;

Grimaud et al., 2001). Comme pour les Prx, ces enzymes comportent une cystéine
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conservée qui passe également par un intermédiaire réactionnel SOH. Les
alignements de séquences indiquent gqu’il existe au moins 6 classes de MsrA qui
different par la position des cystéines conservées et méme une septiéme si on
considére une MsrA de C. reinhardtii qui possede une sélénocystéine a la place de la
cystéine catalytique (Novoselov et al., 2002). Plusieurs observations nous ont
conduits a nous intéresser a ces MsrA. Ces enzymes n’étaient caractérisées ni d'un
point de vue biochimique, ni en terme de réducteurs physiologiques. Par ailleurs,
I'observation que la croissance d’un mutant pour le gene trxA d’E. coli incapable de
croitre en présence de MetSO, est restaurée par surexpression de la Grx 1, laissait
présager une possible réduction des Msr par les Grx (Stewart et al., 1998). De plus,
I'existence d’une protéine de fusion entre deux modules Grx et un module MsrA chez
Gracilaria gracilis était un autre indice fort de cette interaction possible. Ainsi, dans
notre recherche de protéines cibles des Grx, deux isoformes de MsrA ont été isolées,
leur mécanisme catalytique et leur mode de réduction examinés. Les expériences de
mutagenese dirigée indiquent que trois cystéines sont essentielles a une activité Trx
dépendante des MsrA mais aucune activité Grx dépendante des MsrA de peuplier
n'a été observée jusqu’'a présent. Malgré une identité de séquences assez faible
(42%) notamment du coté C-terminal de la protéine et une structure quelque peu
divergente, il apparait que les mécanismes catalytiques et de régénération par les
Trx des MsrA de plantes sont similaires a ceux d’E. coli. Par contre, I'enzyme de G.
gracilis posséde bien une activité de réduction de la MetSO en présence de DTT ou
de GSH (Rouhier et al., résultats non publiés). La structure cristallographique de
'enzyme plastidiale a été résolue et indiqgue, comme pour les autres structures
connues de Msr, qu'un important changement conformationnel est nécessaire pour
corroborer les résultats issus de la mutagenése sur le mécanisme catalytique.
Néanmoins, la rotation de la boucle C-terminale au niveau de 2 résidus glycinyl
pourrait permettre d’obtenir une conformation et des distances entre les cystéines

adaptées pour la catalyse.
3. Expression et localisation de ces protéines
La disponibilité de 115 000 séquences EST de peuplier issues de diverses

banques d’ADNc permet d’estimer et de compléter des profils d’expression de

chacun des genes étudiés. Avant de discuter les profils d’expression des différents
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genes ou protéines, il est important de noter que chaque conclusion est basée sur
I'analyse de plants non stressés s’étant développés dans des conditions définies. On
peut donc imaginer que I'expression de la protéine puisse étre induite dans des
conditions précises de développement ou lors de réponse a des conditions
changeantes. Ainsi, poptrx hl est exprimé dans les feuilles, les tiges et les racines et
la protéine peut étre détectée dans les feuilles et les racines mais pas dans les tiges.
Ces résultats sont confirmés par l'analyse de séquences EST de peuplier. 68
séquences nucléotidiques correspondent a cette isoforme ce qui en ferait la trx la
plus exprimée. Les ADNc sont présents principalement dans les feuilles, les racines,
les tissus conducteurs et les fleurs. Poptrx h2 est exprimée a des niveaux
détectables seulement dans les feuilles et les racines mais la protéine est trouvée
dans ces 2 organes et dans les tiges (résultats non publiés, Gelhaye et al.).
L’'analyse des 50 séquences EST de poptrx h2 confirme ces résultats puisque 80%
des séquences sont d’origine foliaire et 10% sont des EST de racine et de pétiole.
Aucune étude d’expression n'a encore été effectuée pour popTrx h3. Seulement 9
séquences EST codant pour popTrx h3 sont détectées, 3 dans les racines, 2 dans
les graines imbibées, et 1 dans les tissus apicaux, les fleurs, les pétioles et le
cambium.

La Grx de peuplier est exprimée a des niveaux identiques dans les 3 organes
testés, feuilles, tiges et racines (Rouhier et al., résultats non publiés). D’aprés les
séquences EST trouvées dans les différentes banques d’ADNCc, les transcrits codant
pour cette Grx seraient présents dans les racines et les fleurs essentiellement mais
aussi dans les tissus apicaux, les tissus conducteurs et les graines imbibées.

Parmi les Prx, la Prx de type Il est I'isoforme la plus exprimée puisque parmi
les 115000 EST, 69 correspondent aux Prx de type Il, 13 aux Prx a 2 cystéines, 9
aux Prx Q et 2 aux Prx a 1 cystéine.

Les expériences de northern blot indiquent que les transcrits codant pour la
Prx de type Il sont présent dans les feuilles, les tiges et les racines. L'analyse des
EST disponibles confirme ces résultats et indique également que les transcrits sont
présents dans les graines et dans les fleurs en forte proportion. Au niveau protéique,
la présence de la Prx de type Il est détectée dans les 3 organes testés, feuilles, tiges,
et racines. Par ailleurs, des études plus précises d'immunolocalisation démontrent

gue la protéine est située dans le phloéme au niveau des tubes criblés.
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Le gene codant la Prx Q parait peu exprimé puisqu’on ne retrouve que 9 EST
dans la base de donnée, 4 sont issues de la banque d’ADNc de feuille, 3 de la
banque d’écorce et 2 de la banque de fleur. La protéine n’est détectée que dans les
feuilles par western blot mais pas dans les tiges et les racines. Par ailleurs, la
localisation chloroplastique de la protéine a été déterminée par des expériences de
fluorescence et de microscopie électronique. Enfin, cette protéine semble impliquée
dans les mécanismes de réponse a une attaque pathogene. En effet, la quantité de
protéine augmente en fonction du temps lors d'une interaction avec une race
incompatible de Melampsora larici-populina alors qu’elle décroit lors d’'une réaction
avec une race compatible. Lors d’'une réaction incompatible, un phénoméne de mort
cellulaire programmeée qu’on appelle réponse hypersensible se met en place. Lors de
cette réponse hypersensible, de grande quantités d’H,O, sont produites et on peut
donc imaginer que la Prx Q ait un réle a jouer dans le contrdle de ce phénomeéne.

Pour les msrA, I'analyse des séquences EST permet de distinguer 2 isoformes
qui sont celles que l'on a isolé, alors que 4 isoformes sont présentes chez A.
thaliana. Les 2 msrA paraissent peu exprimés, seulement 10 et 7 EST codant
respectivement pour la cMsrA et la pMsrA. Pour cmsrA, les transcrits sont présents
dans les racines, les fleurs, les feuilles et le bois et pour pmsrA, dans les feuilles, les
racines, les fleurs et le bois. Au niveau protéique, les premiéres expériences
indiguent que la pMsrA est exprimée dans les feuilles, les tiges et les racines alors
que la cMsrA est difficilement détectable avec les anticorps dirigés contre la pMsrA,
vraisemblablement parce que la protéine est peu exprimée car ces anticorps
reconnaissent parfaitement la protéine recombinante (Rouhier et al., résultats non
publiés). Par ailleurs, la quantité de ces protéines ne varie pas en réponse a une
attaque pathogéne par M. larici-populina (Rouhier et al., résultats non publiés).

4. Les structures tridimensionnelles

Les Trx, Grx et Prx ont toutes une structure tridimensionnelle similaire basée
sur ce que I'on appelle en anglais le « thioredoxin fold » alors que ces protéines n’ont
pas du tout la méme séquence primaire ni la méme fonction excepté pour les Trx et
les Grx (Schroder & Ponting, 1998). Les MsrA ont aussi par certains aspects une
structure similaire aux Trx (Gladyshev et al., 2002).
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Au cours de ma thése, la collaboration entreprise avec le laboratoire de
cristallographie de Nancy a d'ores et déja permis de résoudre la structure de 3
protéines, la Grx en complexe avec le GSH, la Prx de type Il et la pMsrA. Toutes trois
sont dans leur famille les premiéres structures pour des enzymes de plante. Ces
structures permettent d’appréhender notamment I'accessibilité et la conformation du
site actif de I'enzyme et la répartition des charges en surface de la protéine. Par
conséquent, elles représentent un outil indispensable pour étudier les interactions

protéine-protéine ou protéine-substrat.






Perspectives



Per spectives

Le travail de caractérisation entrepris sur les Trx, les Grx et leurs protéines
cibles ainsi que l'apparition récente dans la base de données GenBank de
nombreuses séquences EST ouvrent des perspectives intéressantes. Quelques-unes

d’entre elles sont listées ci-dessous :

- Isoler de nouvelles isoformes de Trx, Grx, Prx et MsrA afin de
comparer leurs propriétés biochimiques, leurs expressions et déterminer leurs
fonctions dans la cellule.

- Déterminer les interactions a l'origine de la reconnaissance entre les
Trx et les Grx et leurs protéines cibles soit par résolution de la structure des
protéines en complexe soit en étudiant au niveau structural et biochimique
d’éventuelles protéines de fusion.

- Poursuivre I'étude de I'expression de ces diverses protéines lors de la
croissance du peuplier ou en réponse a divers stress.

- Identifier de nouvelles protéines cibles des différentes Trx et Grx
isolées en utilisant les outils de la protéomique et les EST disponibles.

- Etudier par RMN les changements structuraux qui interviennent lors
de l'interaction Grx-Prx de type II.

- Etudier le transcriptome et le protéome de plants de peuplier infectés
par la rouille.

- Transformer des plants de peuplier par certains de genes pour

augmenter leur résistance.
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Résumé

Résumé : Le métabolisme cellulaire basal ainsi que les stress biotiques ou abiotiques
génerent des especes réactives oxygénées (ROS) qui endommagent les macromolécules,
protéines et lipides notamment. En maintenant I'équilibre oxydo-réducteur, les systemes
thiorédoxines et glutarédoxines permettent de lutter contre les ROS. Plusieurs variants
moléculaires de ces protéines ont été caractérisés en utilisant une stratégie qui fait appel au
clonage de séquences nucléotidiques, a I'expression de protéines recombinantes dans
Escherichia coli et a la mutagenése dirigée. Deux thiorédoxines et une glutarédoxine, toutes
bicystéiniques, ont été ainsi caractérisées et leur mécanisme catalytique détaillé. De plus, la
structure tridimensionnelle de la glutarédoxine de peuplier a pu étre résolue par
cristallographie. Notre intérét s'est également porté sur deux types d'enzymes cibles des
thiorédoxines et/ou des glutarédoxines, des peroxyrédoxines qui sont des peroxydases
fonctionnant sans groupe prosthétique mais avec des cystéines réactives, et des méthionine
sulfoxyde réductases de type A, qui réduisent I'isomere S des méthionine sulfoxydes en
méthionine. Chez les plantes en général, et le peuplier en particulier, toutes ces protéines
sont représentées par un grand nombre d’isoformes dans différents compartiments
cellulaires. La caractérisation structurale et fonctionnelle de plusieurs isoformes de
peroxyrédoxines et de méthionine sulfoxyde réductases de type A a permis d'identifier les
acides aminés impliqués dans l'activité de ces protéines ainsi que ceux responsables des
interactions protéine-protéine. Le résultat le plus original de ces travaux a été de montrer
pour la premiére fois que les glutarédoxines peuvent servir de donneur d'électrons alternatifs
et préférentiels pour une classe particuliere de peroxyrédoxines. Outre la caractérisation
moléculaire de ces systémes, un travail d’expression et de localisation dans les différents
organes de la plante a été entrepris.

Mots clés: (glutarédoxines, hydroperoxydes, méthionine sulfoxyde réductases,
peroxyrédoxines, peuplier, protéines, stress oxydant, thiorédoxines

Title : Functional and structural aspects of poplar thioredoxin and glutaredoxin systems and
of their target enzymes, peroxiredoxins and type A methionine sulfoxide reductases.

Abstract : Basal cellular metabolism as well as biotic and abiotic stress conditions lead to
the production of reactive oxygen species (ROS) which are extremely damaging to
macromolecules including proteins and lipids. By maintaining the redox equilibrium, the
thioredoxin and glutaredoxin systems help fight the damages generated by the ROS. Several
molecular variants of these proteins have been characterized using strategies that combine
nucleotidic sequence isolation, expression and mutagenesis of recombinant proteins in
Escherichia coli. Two thioredoxins and one glutaredoxin, all bicysteinic, have been
chracterized and their catalytic mechanism detailed. Moreover, the 3D structure of poplar
glutaredoxin has been solved by X-ray crystallography. This work has also focused on two
thioredoxin/ glutaredoxin target enzymes, peroxiredoxins which are peroxydases devoid of
prosthetic group and type A methionine sulfoxide reductases, which reduce S methionine
sulfoxide into methionine. In plants in general and especially in poplar, there are several
isoforms of these enzymes distributed in several subcellular compartments. The structural
and functional characterization of several peroxiredoxin and type A methionine sulfoxide
reductases has led to the identification of the active site amino acids as well as those
necessary for the protein/protein interactions. The most original result is that glutaredoxin
can serve as an alternative and preferential electron donor for a certain class of
peroxiredoxins. In addition to the molecular characterization of these components,
expression studies and localization experiments have been undertaken.
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