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Abbréviation

- *NO/NO : oxyde nitrique

-'0,: oxygene singulet

- A. thaliana: Arabidopsis thaliana

- ABA: acide absissique

- ADN: acide désoxyribonucléique

- ALR: augmenter of liver regeneration
- AOX: alternative oxydase

- APX: ascorbate peroxydase

- ASC: ascorbate

- ATF6/4: facteur de transcription 6/4

- ATP: adénosine triphosphate

- BIP: Binding protein

- BRI1: récepteur a brassinostéroides

- CAT: catalase

- CCHL: cytochrome heme lyase

- CCM: cytochrome ¢ maturation

- CCS: chaperonne a superoxyde dismutase

- CHCHD4: coiled-coil-helix-coiuled-coil-
helix domain 4

- CO;: dioxyde de carbone

- COX: cytochrome ¢ oxidase

- CRM: chaine respiratoire mitochondriale
- CSD: copper superoxyde dismutase

- Cyt bgf': cytochrome b(6)f

- Cyt bof: cytochrome b6/f

- Da: Dalton

- DHA: déhydroascorbate

- DHAR: déhydroascorbate réductase
- Dsb : disulfide bond

- E. coli: Escherichia coli

- eh: potentiel redox

- ERAD: ER associated degradation
- EROI : ER oxydase 1

- ERV1: essential for respiration and
vegetative growth 1

- ETR1: récepteur a éthylene
- FAD: flavine adénine dinucléotide
- FBPase: fructose-1,6-biphosphate

- FDX/FTR/TRX: voie
ferrédoxine/ferrédoxine-thiorédoxine-
réductase/thiorédoxine

- FDX: Ferrédoxine
- Fe-S: centre fer-soufre
- FTR: ferrédoxine thiorédoxine reductase

- GAPDH: glyceraldéhyde-3-phosphate
déshydrogénase

- GFP: green fluorescente protein
- GOX: glycolate oxidase

- GPX: glutathion peroxydase



- GPXL: glutathion peroxydase like

- GR: glutathion réductase NADPH
dépendante

- GRX: Glutarédoxines

- GS®: glutathion radicalaire

- GSH: Glutathion

- GSHI: y-EC synthase

- GSH2: glutathion synthase

- GSNO: S-nitrosoglutathion

- GSSG: Glutathion disulfure

- GST: glutathion-S-transférase
- H,O: molécule d’eau

- H,O,: peroxyde d’hydrogene

- HCF164: high chlorophyll fluorescence
164

- HSP: heat shock protein

- IgG: Immunoglobuline G

- IM: inner membrane

- IMS: intermembrane space

- IRE1: inositol-requiring kinase 1

- ITS: intermembrane space targeting signal
- JTT: méthode Jones, Taylor et Thornton

- kDa: kilo Dalton

- LECA: last eukaryotic commun acestor

- LHC: light harvesting complex

- LTOL1: lumen thiol oxydoréductase 1

- MDHA: monodéhydroascorbate

- MDHAR: NADPH-monodéhydroascorbate
réductase

- MIA40: mitochondrial intermembrane
space assembly 40

- MIC: MICOS complex subunit

- MISS: mitochondrial IMS-sorting signal
- MPT: modifications post-traductionnelles
- MTS: mitochondrial targeting sequence
-mV: millivolt

- N,Os: trioxyde d’azote

- NADP : nicotinamide adénine dinucléotide
phosphate oxydé

- NADPH : nicotinamide adénine
dinucléotide phosphate réduit

- NO; : dioxyde d’azote

- NO;: dioxyde d’azote

- NR : nitrate réductase

- NTR: NADPH-thiorédoxine reductase
- Oy: dioxygene

- 0,* : radical superoxyde

- OH®: radical hydroxyle

- OM: outer membrane

- ONOO- : peroxynitrite

- OSM1: fumarate reductase
- PC: phytochélatine

- PCS: phytochélatine synthase



- PDI: protéine disulfure isomérase - SOD: superoxyde dismutase

- PERK: protein endoplasmic reticulum - S-OH: acide sulfénique

kinase
- SRX: sulfirédoxines
- pH: potentiel d’hydrogene
PP yearos - TCP: trichlorophénol
- pKa: constante d’acidité .
- TIM: translocase of inner membrane
- PQ: plastoquinone .
- TIM: translocase of inner membrane

- PRK: phosphoribulokinase ) .
- TM: domaine transmembranaire

- PRX: peroxyrédoxine ) )
- TMX: thioredoxin-related transmembrane

- PRX: peroxyrédoxine protein

- PSI: photosysteme I - TOM: translocase of outer membrane
- PSII: photosystéme 11 - TPX: thiol peroxydase

- QSOX: quiescine sulfhydrile oxydase - TRX: thiorédoxine réductase

- RALF1: rapid-alkalinization factor - TRX: Thiorédoxines: TRX

- RBOH : NADPH oxydases - UPR: unfolded protein response

- RE: réticulum endoplasmique - VKOR: vitamine K époxyde réductase

- RNS: reactive nitrogen species
- ROS: reactive oxygen species
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- S°: radical thiyl
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Introduction







Les cystéines sont I’un des acides aminés dont la teneur est la plus faible dans les protéines (en
moyenne entre 1 et 3%). Nonobstant, leur présence gouverne fréquemment 1’activité, la stabilité,
la localisation ou la fonction de nombreuses protéines et il est paradoxalement relativement rare
de rencontrer des protéines dépourvues de cystéines. . La singularit¢ de cet acide aminé est
conférée par la présence d’un groupement thiol (SH) au niveau de la chaine latérale qui va
permettre la formation de ponts disulfure aprés oxydation. Ces ponts disulfure peuvent étre
structuraux mais ils peuvent avoir aussi des fonctions régulatrices via des échanges dithiol-
disulfure. De plus, de nombreuses autres modifications post-traductionnelles qui sont formées par

modification oxydative des cystéines jouent ¢galement des roles régulateurs.

Pour illustrer le premier aspect, il est important de mentionner qu’environ 30% des protéines de
la cellule vont transiter par les voies de sécrétion et que de nombreuses protéines secrétées
possédent des cystéines formant des ponts disulfure dits structuraux dont la fonction est de
permettre un repliement correct des protéines mais aussi de les rendre plus compactes et de
limiter leur dégradation dans un environnement extracellulaire plus hostile que les compartiments
intracellulaires. Ce repliement oxydatif est également important pour les protéines présentes dans
I’espace intermembranaire de la mitochondrie et dans le lumen des thylakoides chez les
eucaryotes et dans le périplasme chez certaines bactéries. Les acteurs et les mécanismes

permettant la formation de ces ponts disulfure seront détaillés dans le chapitre IV.

La meilleure illustration concernant les mécanismes de régulation redox concerne certainement la
régulation par la lumicre et le systeme ferrédoxine-thiorédoxine (FDX-TRX) des enzymes du
cycle de Calvin-Benson et d’autres enzymes associées a ce métabolisme carboné. Plusieurs
enzymes sont régulées par réduction/oxydation d’un ou de plusieurs ponts disulfure par les
thiorédoxines, dont 1’état redox est contrélé par la lumiére, via la chaine de transfert d’¢lectrons
linéaire chloroplastique, les ferrédoxines et la ferrédoxine-thiorédoxine réductase. Il est
intéressant de noter un rdle potentiel du systéme glutathion (GSH)/Glutarédoxine (GRX),
molécules qui contrdlent la (dé)nitrosylation et la (dé)glutathionylation des protéines. En effet,
des ¢tudes de protéomique redox suggerent que plusieurs enzymes du cycle de Calvin-Benson
sont également modifiées/régulées par la formation d’adduits glutathion et de groupements S-

nitrosothiols (Bedhomme et al., 2009; Michelet et al., 2008, 2013; Morisse et al., 2014;






Zaffagnini et al., 2007, 2016a) Les acteurs et les mécanismes permettant la formation/réduction

de ces ponts disulfures seront détaillés dans le chapitre II.

Il est a noter pour finir ce paragraphe introductif que les cystéines sont aussi fréquemment
impliquées dans la fixation d’ions métalliques ou de cofacteurs métalliques, comme les motifs a
doigt de zinc ou les centres fer-soufre (Fe-S) (Couturier et al., 2015; Giles et al., 2003; Peralta
and Huidobro-Toro, 2016; Rouhier, 2010) Ces aspects ne seront pas ou peu traités dans cette
introduction mais I’intérét que j’ai porté aux protéines possédant des motifs Cx,C conservés (C
représentant les cystéines et x indiquant la présence d’acides aminés variables) afin de
caractériser la fonction de nouvelles oxydoréductases m’a amené a purifier certaines protéines

contenant des centres Fe-S.

I. Origine de la réactivité des cystéines

Outre leur exposition au solvant, la réactivité des cystéines est gouvernée notamment par leur
capacité a exister sous forme déprotonée ou thiolate, beaucoup plus réactive que la forme thiol
(protonée), et donc a effectuer des attaques nucléophiles sur un certain nombre de molécules.
Cette caractéristique est directement reliée a la constante d’acidité (pKa) du groupement thiol qui
est controlée par le microenvironnement dans lequel les cystéines se trouvent (Trost et al., 2017).
Les acides aminés situés a proximité de la cystéine considérée, notamment ceux chargés
positivement (His, Arg et Lys), auront un role prépondérant en formant des paires ioniques.
D’autres facteurs influengant la valeur du pKa sont les réseaux de liaisons hydrogéne formées
entre le thiolate et les groupes polaires non chargés de chaines principales ou latérales d'acides
aminés, le moment dipolaire électrique généré lorsque le résidu cystéinyl est situé a l'extrémité
N-terminale d’une hélice a et enfin la désolvatation, qui se produit souvent dans les sites
catalytiques, et qui peut influencer le pKa du thiol en diminuant la constante diélectrique par
rapport a 'eau, augmentant ainsi toutes les interactions électrostatiques (Ferrer-Sueta et al. 2011).
La contribution individuelle relative de chacun des facteurs structuraux a la valeur globale du

pKa d'une cystéine reste difficile a appréhender.

Le pKa refléte donc 1’équilibre entre les formes thiol et thiolate et gouverne ainsi la réactivité
intrinséque de la cystéine a une valeur de pH physiologique. Par exemple, une cystéine libre

posséde un pKa d’environ 8,3, celle contenue dans le glutathion (GSH) de 8,8 (Paulsen and
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Figure 1 : Représentation schématique des principaux sites de production d’espéces réactives de ’oxygene
et de I’azote et des enzymes intervenant dans leur détoxication chez les organismes photosynthétiques. Au
sein du chloroplaste, les photosystemes I et I (PSI et PSII) et le cytochrome b6f , sont les principaux sites de
production de ROS ('O,: oxygéne singulet, O,*": radical superoxyde). Sous 1’action de superoxyde dismutases a
Cu/Zn ou a Fe (Cu/ZnSOD et FeSOD), 1’0O,* est réduit en H,O,. Au niveau des mitochondries, la chaine
respiratoire mitochondriale (CRM) est responsable la production d’O,*" qui sera réduit en H,O, par I’action des
MnSODs. Le peroxysome représente un site important de production d’H,O, via la photorespiration (glycolate
oxydase, GOX) et l’activité d’autres flavine oxydases. Il est réduit en H,O par des catalases (CAT) et ascorbate
peroxydases (APX). Ces dernieres sont également présentes au sein du chloroplaste et de la mitochondrie avec les
thiol peroxydases (PRX et GPXL) pour réduire H,O,. Le réticulum endoplasmique est également un site de
production d’H,O, au travers du repliement oxydatif des protéines sécrétées catalysé par le systtme PDI/EROI.
De récentes études ont également mis en évidence la présence de GPXL dans ce compartiment subcellulaire. Le
dernier site de production d’H,0, est I’apoplaste, sous 1’action conjointe d’'une NADPH oxydase (RBOH) et d’une
SOD.

La production de *NO par la nitrate réductase (NR) a partir de nitrites se déroule dans le cytosol. En présence de
glutathion réduit (GSH), du glutathion nitrosylé (GSNO) sera formé. Adapté de Zaffagnini et al., 2019, Smirnoff et
Arnaud., 2019




Carroll, 2013). Cela signifie qu’a une valeur de pH physiologique (généralement inférieure a 8),
ces cystéines seront présentes majoritairement sous forme protonées, pas ou peu réactives. Les
cystéines catalytiques retrouvées dans certaines familles de protéines, notamment les
oxydoréductases a thiol, possédent en revanche un pKa acide. Celui-ci se situe autour de 5-6 pour
les TRXs et les peroxydases a thiol de la classe des peroxyrédoxines (PRX) et autour de 3 a 5
pour les GRXs (Couturier et al., 2013a; Winterbourn and Hampton, 2008; Zaffagnini et al., 2008,
2012). Bien que les GRXs présentent un pKa plus faible et donc une réactivité théorique plus
importante, il s’aveére que la réactivité de la cystéine catalytique des GRXs vis-a-vis du peroxyde
d’hydrogéne (H,O5) par exemple est 10° 4 10° fois plus faible que celle présente dans les PRXSs,
indiquant que le pKa n’est pas le seul déterminant de la réactivité des cystéines et que d’autres
facteurs sont importants (Winterbourn and Hampton, 2008). A I'inverse, les GRXs sont plus
réactives vis-a-vis des formes du glutathion (GSSG et GSNO), sans doute du fait de la présence

d’un site de fixation spécifique pour ces produits.

I1. Modifications post-traductionnelles des cystéines par les espéces réactives

de Poxygene (ROS) et de I’azote (RNS)

1. Production des ROS et RNS

Le paradoxe de la vie dans des conditions aérobies est la production d’espéces réactives de
I’oxygeéne (Reactive Oxygen Species en anglais : ROS) et dans une moindre mesure de 1’azote
(Reactive Nitrogen Species en anglais : RNS). La formation de ces espéces moléculaires prend
principalement place au sein des chaines de transport d’électrons mitochondriale et
chloroplastique mais également au sein du peroxysome via des flavine oxydases et notamment la
glycolate oxydase (GOX) qui participe a la photorespiration chez les plantes (Figure 1). Cette
enzyme génere des quantités steechiométriques d’H,O, lies a ’activité oxygénase de la ribulose-
1.5-bisphosphate carboxylase/oxygénase (RubisCO). Cette voie, au cceur des cellules
photosynthétiques et des plantes a métabolisme C3, est une des voies importantes de production
d'H,0, indépendamment des stress biotique et abiotique (Noctor, 2002; Noctor et al., 2018).
Méme si ces especes sont produites de facon basale au sein des cellules dans des conditions

normales de croissance et sont méme éventuellement requises pour des processus
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Figure 2: Principales voies de production de ROS et de RNS et dommages induits sur les biomolécules.
L’O, peut passer sous un état d’excitation singulet ('O5) ou étre partiellement réduit en anion superoxyde (0,*
). Ce dernier est généralement réduit par une superoxyde dismutase (SOD) en peroxyde d’hydrogéne (H,O,) qui
est réduit en H,O par des thiol peroxydases (TPXs), catalases (CAT) ou ascorbate peroxydases (APX). En
présence de Fe®', H,O, peut produire des radicaux hydroxyles (OH®) via la réaction de Fenton. L’oxyde
nitrique (*°NO) peut étre produit au travers de la réduction des NO, par les nitrate réductases (NR) ou par une
activité de type NO synthase via I’oxydation de I’arginine (Arg). Le *NO est globalement peu réactif mais
forme du peroxynitrite (ONOQO") par réaction avec O,* . Il peut également réagir avec du glutathion (GSH)
pour former du nitrosoglutathion (GSNO). Une fois protonée, ONOO™ forme de 1’acide peroxynitrique

(ONOOH) qui se décompose par homolyse et des radicaux hydroxyles et du dioxyde d’azote (NO,).



développementaux (Rouhier et al., 2015), leur production est souvent exacerbée dans des

conditions de stress biotique et abiotique (Couturier et al., 2013b; Danon, 2012).

Chez les plantes comme au sein des cellules animales (Huang et al., 2016), la chalne respiratoire
mitochondriale est le théatre de la production de ROS, notamment au niveau des complexes I et
III qui produisent un radical superoxyde (O,*") par réaction d’un électron avec une molécule
d’oxygene. Ce radical superoxyde est normalement rapidement dismuté en H,O, par 1’action de
superoxyde dismutases a manganése (MnSOD). Du fait de sa moindre réactivité¢ et de sa
spécificité, ’'H,O, possede la durée de vie la plus importante parmi les ROS. De plus, n’étant pas
chargée et avec une structure proche de 1’H,O, cette molécule possede la particularité de diffuser
assez facilement au travers des membranes biologiques et d’€tre transportée par certaines
aquaporines, ce qui lui permet en principe de passer d’un compartiment subcellulaire a un autre.
La formation des radicaux hydroxyles (OH®) est possible par la réaction de Fenton par réaction
d’H,0, avec des ions métalliques (Fe*" et Cu™") ou par la réaction d’Haber Weiss par réaction
avec O,* (Hurd and Murphy, 2009). Etant ’un des plus puissants oxydants, ce radical posséde la
capacité de réagir avec toutes les molécules biologiques comprenant en particulier les acides
nucléiques, les protéines et les lipides (Figure 2). Cependant son temps de demi-vie étant
relativement court (~ 1 ns), son action délétére se produira principalement aux sites de production
(Halliwell and Gutteridge, 1992, 1995). Chez les organismes photosynthétiques, 1’expression
d’une alternative oxydase (AOX) permet de limiter la production de ROS dans la mitochondrie
en dissipant le pouvoir réducteur excédentaire par réaction avec les quinones de la chaine
respiratoire, formant des molécules d’H,O (Zaffagnini et al., 2019). Ainsi, le complexe III ne
produira pas de ROS. Toutefois, en contournant 2 sites d’expulsion de protons, cette oxydase
terminale alternative limite la production d’ATP.

Au sein des organismes photosynthétiques, un autre organite singulier est également responsable
d’une production conséquente d’especes moléculaires réactives, le chloroplaste au niveau du
photosysteme II (PSII), du photosystéme I (PSI) mais aussi lors des transferts d’électrons entre
les plastoquinones et le cytochrome b6/f. Concernant le PSII, lorsque les antennes
chlorophylliennes (Light Harvesting Complex (LHC)) recueillent 1’énergie lumineuse et que
I’état d’excitation triplet de la chlorophylle n’est pas dissipé rapidement, cela peut induire la
production d’oxygéne singulet ('O,) par interaction avec une molécule d’O, (Fischer et al.,

2007). La fermeture des stomates en réponse a un stress hydrique a pour conséquence la



10



diminution des concentrations en CO; dans les cellules photosynthétiques. Ceci peut générer une
sur-réduction de la chaine de transport des électrons chloroplastique et augmente la probabilité de
production d’'0, au sein du PSII (Fischer et al., 2013; Noctor et al., 2014). D’un point de vue
quantitatif, la majorité des ROS serait produite par le PSI via la réaction de Mehler qui consiste
en un transfert d’électron de la ferrédoxine vers 1’oxygeéne, produisant ainsi des radicaux
superoxydes (Asada, 2006) qui seront ensuite réduits en H,O, via des SOD a cuivre/zinc (Cu/Zn).
La présence de ces deux ROS peut via les réactions d’Haber-Weiss et de Fenton induire la
production de OH® (Ivanov and Khorobrykh, 2003). De la méme maniére qu’au niveau du
complexe III de la chaine respiratoire mitochondriale, il a été mis en évidence une implication
importante du cytochrome b6f et plus précisément du pool de plastoquinone dans la production
d’02* qui peut également aboutir & la production d’une quantité non négligeable d’H,O, via les
Cu/Zn SODs (Baniulis et al., 2013; Ivanov and Khorobrykh, 2003).

Concernant les ROS, il est intéressant de mentionner deux autres sources importantes. En effet, le
repliement oxydatif des protéines via le couple PDI/EROI1 dans le réticulum endoplasmique (voir
chapitre IV.2) génére des quantités importantes d’H,O, dans ce compartiment. Les NADPH
oxydases (RBOH) présentes au niveau de I’apoplasme forment de 1’0,*", qui conduit a la
production d’H,0; par I’intermédiaire de SODs. L’apoplasme étant un compartiment cellulaire
relativement pauvre en systémes antioxydants, 1’H,O; peut y étre accumulé plus facilement que
dans les autres compartiments cellulaires (Foyer and Noctor, 2011). Cet H,0O, servira de fait dans
un trés grand nombre de voies de signalisation en réponse a des contraintes biotique et abiotique
mais aussi lors de processus développementaux tels que la croissance de la racine primaire ou
I’émergence des racines latérales (Liithje et al., 2013; Orman-Ligeza et al., 2016; Tsukagoshi et
al., 2010).

Les voies de production des RNS et notamment d’oxyde nitrique (*NO ou NO) au sein des
organismes photosynthétiques restent encore assez peu connues. Outre des processus non
enzymatiques se produisant a partir de nitrite dans des compartiments a pH acide tel que
I’apoplasme il existerait une voie enzymatique dans le cytosol ou les nitrate réductases (NR)
peuvent réduire des nitrites en NO notamment dans des conditions de stress (Astier et al., 2018;
Pucciariello and Perata, 2017). La mitochondrie est également le si¢ge de production de NO par

réduction de dioxyde d’azote (NO,) via les complexes III et IV. Dans tous ces compartiments, le
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Figure 3 : Représentation schématique du cycle Ascorbate/Glutathion (ASC/GSH) chez les organismes
photosynthétiques.
APX:  Ascorbate  peroxydase; ASC:  Ascorbate; MDA:  Monodéshydroascorbate, = MDAR:
Monodéshydroascorbate réductase; NADP/H: Nucléotide adénosine phosphate oxydé/réduit; DHA:
Déshydroascorbate; DHAR: Déshydroascorbate réductase; GSH/GSSG: Glutathion réduit/oxydé; GR:
Glutathion réductase.
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NO pourra former du peroxynitrite (ONOO-) par réaction avec O,*") (Gupta et al., 2011) ou du S-
nitrosoglutathion (GSNO) lorsqu’il est combiné avec du glutathion réduit (GSH/GS®). Ces deux
molécules peuvent réagir avec les résidus cystéinyls des protéines provoquant leur S-nitrosylation
(voir partie 3) mais aussi dans le cas d’ONOO™ provoquer la nitration de tyrosines, ce qui peut

avoir des conséquences importantes notamment pour la phosphorylation des protéines (Figure 2).

2. Les systémes de protection contre les espéces réactives

2.1. Les systémes non enzymatiques

Les molécules anti-oxydantes les plus importantes sont 1’ascorbate (ASC), le glutathion (GSH),
les caroténoides et I’a-tocophérol. Ce dernier est présent au niveau des membranes et il est
notamment important pour contenir la peroxydation lipidique en donnant un atome d’hydrogene
aux lipides radicalaires. La régénération du radical a-tocophéryl formé suite a cette réaction sera
assurée par l’ascorbate. Les caroténoides présents dans le chloroplaste sont importants pour
neutraliser la production d’'O, produit en cas de stress photooxydant. Les deux caroténoides
présents au niveau du centre réactionnel du PSII peuvent réagir directement avec 1’'O,. Les
produits de d’oxydation/dégradation de ces molécules constituent des molécules de signalisation
pour la mise en place d’une réponse physiologique adaptée (Havaux, 2014). Par ailleurs, les
xanthophylles participent au quenching non-photochimique (Pinnola and Bassi, 2018; Ruban,
2016). Suite a un changement de structure (passage de formes violaxanthine a anthéraxanthine
puis zéaxanthine), ces pigments associés a 1’antenne du PSII permettent une dissipation sous
forme de chaleur de I’excés d’énergie lumineuse regue en réagissant avec la chlorophylle excitée.
Une des enzymes impliquées, la violaxanthine dé-époxydase, utilise le pouvoir réducteur de
I’ascorbate. En plus des roles déja évoqués, I’ASC est également crucial en tant que cofacteur des
ascorbate peroxydases qui réduisent H,O, en H,O (voir section suivante). Toutes ces réactions
conduisent a la formation de déhydroascorbate (DHA) et monodéhydroascorbate (MDHA), ces
formes oxydées étant recyclées en ASC par le cycle ASC/GSH (Figure 3). Celui-ci comprend
trois enzymes présentes dans différents compartiments subcellulaires sous forme d’isoenzymes.
Les déhydroascorbate réductases (DHAR) qui réduisent le DHA en ASC au dépend du GSH
formant ainsi du glutathion disulfure (GSSG) ; les NADPH-glutathion réductases (GR) qui
régénerent le GSH et les NADPH-monodéhydroascorbate réductases (MDHAR) qui réduisent le
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MDHA en ASC. Le GSH et ’ASC sont présents a des concentrations relativement ¢élevées de
I’ordre du mM dans la plupart des compartiments subcellulaires (Calabrese et al., 2017; Foyer
and Noctor, 2011; Kojer et al., 2012; Meyer et al., 2019a; Mittler et al., 2004; Noctor et al., 2012;
Queval et al., 2011; Schafer and Buettner, 2001).En plus de contribuer au recyclage de ’ASC, le
GSH intervient dans une multitude de processus, étant le plus abondant des composés thiol a
faible poids moléculaire. Il est important pour la détoxication des ROS, directement en réagissant
avec certaines molécules, notamment H,O,, ou comme réducteur de PRX dépendantes du GSH
ou des GRXs. Il est le précurseur via la phytochélatine synthase (PCS1) de la synthése de
phytochélatines (PCs), molécules qui contribuent a la détoxication des métaux lourds tels que le
cadmium, le nickel, le mercure, ou 1’arsenic (Cazalé and Clemens, 2001; Freeman et al., 2004;
Howden and Cobbett, 1992). Le complexe PC-métal est normalement séquestré au sein de la
vacuole et des y-glutamyl transpeptidases permettent le recyclage du GSH (Grzam et al., 2007).
La conjugaison de GSH a des molécules toxiques est également utilisée pour la détoxication de
composés €lectrophiles tel que les xénobiotiques. Cette réaction, dite de conjugaison est catalysée
par des glutathion S-transférases (GSTs) et plus précisément par les classes phi ¢ (phi) et T (tau)
(Dixon and Edwards, 2010; Dixon et al., 2002; Sylvestre-Gonon et al., 2019). Aprés conjugaison,
le complexe GSH-xénobiotique est ensuite dirigé vers la vacuole via un transporteur ATP
dépendant et enfin dégradé (Foyer and Noctor, 2011; Rouhier et al., 2008). Le GSH intervient
¢galement dans divers processus biologiques comme la transition du cycle cellulaire des stades
G1/S durant le développement post-embryonnaire racinaire (Vernoux et al., 2000), la
différenciation des trachéides au sein du xyléme (Henmi et al., 2005), la signalisation hormonale
lors de I’interaction plante-pathogene (Ball et al., 2004; Maughan et al., 2010; May et al., 1996)
ou encore I’accumulation d’anthocyanes au niveau de la vacuole (Xiang et al., 2001).

Le GSH est synthétis¢ par deux enzymes dépendantes de I’ATP, la y-EC synthase (GSH1) et la
glutathion synthase (GSH2). Chez les organismes photosynthétiques, la premicre de ces enzymes
est uniquement située au sein du chloroplaste alors que la seconde est également présente au
niveau du cytosol. Sa biosynthése est finement régulée par un rétrocontréle assuré par le GSH,
qui réduit un pont disulfure au niveau d’un homodimere de GSH1 pour I’inactiver (Hothorn et al.,
2006). Des glutathion réductases (GR) sont retrouvées apreés double adressage au sein des
chloroplastes, des mitochondries, des peroxysomes et du cytosol et assurent la réduction du

GSSG, forme généralement trés minoritaire, retrouvée a faible concentration. Dans un milieu
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Figure 4: Réactions enzymatiques permettant la réduction d’H,O, en H,0. Les réactions peuvent étre
dépendantes de la présence d’un ion métallique comme dans le cas des superoxydes dismutases (SOD) (1),
catalases (CAT) (2) ou ascorbate peroxydases (APX) (3). Elles peuvent également étre dépendantes d’une ou
plusieurs cystéines dans le cas des protéines de la famille des thiol-peroxydases: TPX (4).
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aqueux le GSH est donc quand méme en permanence accompagné de sa forme oxydée formant le
couple GSH/GSSG. Ces deux formes redox permettent de maintenir un environnement plus ou
moins réducteur au sein des différents compartiments subcellulaires. Il est estimé aux alentours

de -300 mV dans le cytosol, -225 mV dans le RE et -360 mV dans le peroxysome (Schwarzldnder
et al., 2008). Dans le chloroplaste, il varie de -350 mV et -306 mV en fonction du cycle jour/nuit
(Schnaubelt et al., 2015; Smirnoff and Arnaud, 2019). Au sein de la mitochondrie peu d’études
ont été réalisées chez les organismes photosynthétiques et la majorité des données obtenues

concernent la levure S. cerevisiae.

2.2 Les systémes enzymatiques

Outre les enzymes participant au cycle ASC-GSH plusieurs familles d’enzymes, dont certaines
déja mentionnées, interviennent activement dans le contrdle des niveaux d’H,0, et d’0,*.

Concernant les SODs, trois classes peuvent étre distinguées chez les plantes en fonction des ions

métalliques associés mais toutes ces enzymes réduisent deux molécules d’O, en H,0O; et O,

(Figure 4) (Gill et al., 2015). Les Mn-SODs sont retrouvées dans les mitochondries, les Fe-SODs
dans les plastes, les Cu/Zn-SODs au niveau du cytosol, des plastes, du peroxysome et de 1’espace
extracellulaire. Si chez la levure la présence d’une Cu/ZnSOD a été clairement établie au sein de
I’IMS, ce n’est peut-€tre pas le cas chez A. thaliana (Huang et al., 2012; Riemer et al.,
2015).Chez A. thaliana, il existe 7 SODs au total, 1 Mn-SOD, 3 Fe-SOD et 3 Cu/Zn-SOD
(Kliebenstein et al., 1998).

Une diversité plus importante existe au niveau des peroxydases qui interviennent dans la
réduction d’H,O, mais aussi de peroxydes plus complexes formés notamment au niveau des
membranes par peroxydation lipidique et de peroxynitrite. En effet, les catalases (CATSs),
ascorbate peroxydases (APXs), peroxyrédoxines (PRXs), glutathion peroxydases-like (GPXs-
like) et certaines glutathion transférases (GSTs) possédent une activité peroxydase et font partie
de familles multigéniques. Les CAT sont localisées dans les peroxysomes et sont les peroxydases
majeures de ce compartiment (Mhamdi et al., 2010),méme si les GST théta et au moins une APX
sont présentes dans ce compartiment (Dixon et al., 2009). Ce sont des hémoprotéines, I’héme

permettant la réduction d’H,O;, en H,O et O, (Figure 4) (Gill et al., 2015).Chez A. thaliana, il
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Oxygéne Anion Peroxyde Radical
. 1 superoxyde d’hydrogeéne .
Propriétés singulet ('0,) (0,*) (H,0,) hydroxyle (OH*®)
Temps (_je demi- 1pus 1 s 1ms 1ns
vie
Distance 30 nm 30 nm 1 um 1nm
parcourue
Concentration o o uM-mM?2 o

cellulaire

Tableau 1: Persistance des principaux ROS dans les cellules. Le temps de demi-vie, la distance parcourue et
la concentration cellulaire (connus ou présumés) sont indiqués pour 102, 0,7, H;O, et OH'. D’aprés Moller et

al., 2007.
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existe 3 catalases. Les APXs sont également des hémoprotéines, elles catalysent la réduction
d’H,0, en H,O (Figure 4) aux dépens de I’ascorbate libérant du MDHA qui sera par la suite
recyclé par le cycle ASC-GSH. Il existe 7 APXs chez A. thaliana présentes au niveau du cytosol,
de la mitochondrie, du chloroplaste et du peroxysome (Jespersen et al., 1997; Lisenbee et al.,
2003; Mullen et al., 1999; Pandey et al., 2017; Shigeoka et al., 2002). Les PRXs et GPXs-like
sont des peroxydases thiol-dépendante (TPX) c’est-a-dire que leur mécanisme réactionnel dépend
d’au moins une cystéine catalytique et non plus d’un héme. Cette cystéine catalytique conservée
(appelée aussi cystéine peroxydatique) est située dans la partie N-terminale et permet la réduction
d’H,O0, en H,O (Figure 4) mais aussi de peroxydes plus complexes en alcool voire
de peroxynitrite pour certaines (Rouhier and Jacquot, 2005). Cette réaction résulte en la
formation d’un acide sulfénique qui réagira le plus souvent avec une seconde cystéine dite
cystéine de recyclage pour former un pont disulfure. Il existe 9 PRXs chez A. thaliana regroupée
en 4 classes (2Cys-PRX, 1Cys-PRX, PRX de type II et PRXQ) qui différent par le nombre et la
position des cystéines impliquées dans le mécanisme catalytique et la formation d’un pont
disulfure intra- (PRXQ) ou intermoléculaire (2Cys-PRX), y compris avec le GSH par exemple
dans le cas des PRX de type II ou des 1Cys-PRX (Rouhier and Jacquot, 2005; Roubhier et al.,
2001). Les adduits glutathion seront préférentiellement réduits par les GRXs et les ponts
disulfure par les TRXs. Contrairement a leur appellation, les GPXs-like possédent un
mécanisme catalytique comparable a celui des PRX Q avec formation d’un pont disulfure
intramoléculaire régénéré par les TRXs (Herbette et al., 2002; Lee et al., 2002; Navrot et al.,
2006). Cette classification provient du fait qu’elles ont une identité de séquence forte avec les
GPX animales qui contiennent pour la plupart une sélénocystéine a la place de la cystéine

peroxydatique qui les rendent effectivement dépendantes du GSH.

Pour finir, il est important de noter que des GSTs appartenant a plusieurs classes (Zeta, Phi,
Theta, Tau), en tout plusieurs dizaines d’isoformes, possédent une activité peroxydase GSH-
dépendante avec des peroxydes complexes mais en général pas avec H,O, (Dixon et al., 2009;
Sylvestre-Gonon et al., 2019). Bien que leur efficacité catalytique soit la plupart du temps
inférieure a celles des autres peroxydases a héme ou a thiol, cela pourrait étre compensé par une
forte expression des protéines, notamment en conditions de stress. De plus, elles ont cette
spécificité de dépendance au GSH qui n’est partagée que par certaines PRX de type II chez les
plantes, la plupart nécessitant ¢galement une GRX (Rouhier and Jacquot, 2005).
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Figure 5: Représentation schématique des principales modifications post-traductionnelles subies par les
fonctions thiol et thiolate des cystéines. Les molécules oxydantes ainsi que les modifications post-
traductionnelles associées sont représentées en rouge. Les molécules intervenant dans 1’inter-conversion des
PTMs sont indiquées en bleu et les systémes de réduction qui permettent la régénération des cystéines oxydées
sont représentés en vert. Adapté de Zaffagnini et al,. 2019.

20



3. Modifications post-traductionnelles (MPT) des cystéines par les
ROS et les RNS

La plupart des espéces radicalaires (notamment *OH) et I’oxygéne singulet présentent une durée
de demi-vie trés courte et une diffusion limitée du fait de leur réactivité. Elles vont interagir et
oxyder la plupart des macromolécules présentes a proximité, en particulier les lipides, les acides
nucléiques ou les protéines (Figure 2 et Tableau 1). Les autres molécules sont globalement moins
réactives et plus sélectives. L’anion superoxyde réagit préférentiellement avec les hémes et les
centre Fe-S, L’H,0, oxyde préférentiellement les protéines et plus particulierement les acides
aminés soufrés, méthionines et cystéines. L’oxydation des méthionines par H,O, produit des
méthionine sulfoxydes qui peuvent étre réduites par des méthionine sulfoxyde réductases (MSR),
des enzymes thiol-dépendantes qui utilisent la chimie des acides sulféniques et des mécanismes
réactionnels comparables a ceux utilisés par les PRXs et GPXs-like (Rey and Tarrago, 2018).
Dans ce chapitre, je vais uniquement me focaliser sur les modifications oxydatives des cystéines
par les ROS et RNS (Figure 5) (Couturier et al., 2013b). Les cystéines peuvent ainsi étre
modifiées par réactions peu ou pas spécifiques avec des espéces radicalaires (0, et OH®)
formant un radical thiyl, qui deviendra lui-méme capable de réagir avec le NO formant un
groupement S-nitrosothiol ou éventuellement un glutathion radicalaire (GS®) par exemple
formant un adduit S-glutathion (Zaffagnini et al., 2016b). L’'O, peut en principe réagir avec les
groupements thiols des cystéines générant un peroxyde zwitterionique (RS+-OO07) qui sera
rapidement décomposé en cystines, thiosulfinates voire modifi¢ en acide sulfonique en absence
de cystéine capable de réagir avec cet intermédiaire (Pattison et al., 2012).

Toutefois, étant relativement stable et modérément réactif avec les autres molécules et acides
aminés, le peroxyde d’hydrogene (et d’autres peroxydes sans doute) est la molécule qui doit
oxyder préférentiellement et spécifiquement les cystéines. Dans un premier temps, la réaction
entre un groupement thiolate des cystéines et H,O, (et le peroxynitrite également) forme un acide
sulfénique (S-OH) qui sera a I’origine de plusieurs autres modifications post-traductionnelles.
S’il réagit séquentiellement avec d'autres molécules d’H,O, des acides sulfinique (S-O,H) puis
sulfonique (S-O3;H) seront formés. Si I’on excepte le cas des PRXs ou un acide sulfinique formé
au niveau de la cystéine peroxydatique peut €tre réduit en acide sulfénique par les sulfirédoxines
(SRX) (Biteau et al., 2003), ces formes d’oxydation sont a priori irréversibles. Par réaction avec

un thiol, ’acide sulfénique sera converti en pont disulfure intramoléculaire si la cystéine est
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Figure 6: Arbre phylogénétique des différentes isoformes de TRXs comportant un motif WC|G/P]GC
chez les plantes terrestres. Cette analyse phylogénétique a ¢été réalisée en utilisant le logiciel MEGA7.
L’histoire évolutive a été déterminée en utilisant la méthode Neighbor-Joining et les distances évolutives sont
basées sur I’analyse des matrices selon la méthode de Jones, Taylor & Thornton (JTT).
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située au sein de la méme protéine, ou intermoléculaire si la cystéine est présente au niveau d’une
autre protéine. S’il s’agit d’une cystéine libre ou de la cystéine d’un glutathion, on parlera de S-
thiolation ou S-glutathionylation. C’est probablement la voie majeure permettant la S-
glutathionylation des protéines mais il est utile de mentionner que le GSNO ou le GSSG, seul ou
par I'intermédiaire des GRXs, pourraient constituer au moins dans certaines circonstances des
voies non-négligeables. En absence de thiol a proximité, 1’acide sulfénique pourra par exemple
réagir avec un groupement amide de la chaine principale adjacente par attaque électrophile sur
'atome azote formant un cycle sulfénamide a cinq membres (aussi appelé sulfénylamide) comme
démontré initialement pour la phosphatase PTP1B (Salmeen et al., 2003). Outre des fonctions
régulatrices et de signalisation, ces modifications permettent de protéger des cystéines réactives,
catalytiques ou exposées, d’une oxydation irréversible qui pourrait intervenir lors d’épisodes de
stress oxydatif.

Alors que les études protéomiques indiquent que plusieurs cystéines sont nitrosylées au sein de
nombreuses protéines, les molécules a 1’origine de cette modification post-traductionnelle ne sont
pas toujours précisément définies (Hu et al., 2015; Morisse et al., 2014). Le *NO étant un radical
relativement peu réactif, la S-nitrosylation des protéines se produit via des espéces moléculaires
dérivées plus réactives formées dans la cellule telles que des oxydes d’azote (NO; et N,Os3), mais
aussi par I’intermédiaire du GSNO ou de protéines déja nitrosylées par des réactions de trans-
nitrosylation (Zaffagnini et al., 2016b). De la méme maniére les études protéomiques récentes
indiquent que plusieurs centaines de protéines sont persulfurées/persulfidées, y compris chez les
plantes (Aroca et al., 2017). Cependant, il n’est pas non plus clair de savoir quelles especes
réactives du soufre sont impliquées (Mishanina et al., 2015). Cet aspect de persulfidation n’est
pas détaillé dans la figure 5 ni le texte. Néanmoins, ces modifications sont a considérer dans cet
ensemble de MPTs redox car elles peuvent d’une part interférer avec les autres modifications en
ciblant les mémes cystéines ou se produire séquentiellement apres les autres MPTs en fonction du

type de molécules produites/signal émis.
4. Les systemes de réduction controlant ces MPTs
La durée de vie (formation et réduction) de ces MPTs redox est controlée majoritairement et

directement par deux familles d’oxydoréductases, les thiorédoxines et les glutarédoxines (figure

5). Ce sont généralement des petites protéines (aux alentours de 10-15 kDa) qui adoptent un
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Figure 7 : Caractéristiques majeures des TRXSs typiques présentes chez les plantes terrestres.

(A) Répartition subcellulaire des TRXs h, m, f, X, y, z et o chez les plantes terrestres. (B) Représentation
schématique des deux principales voies de réduction des TRXs chez les organismes photosynthétiques. Dans le
cas de la voie Ferrédoxine/Ferrédoxine-Thiorédoxine Réductase/Thiorédoxine (FDX/FTR/TRX), le pouvoir
réducteur provient directement de I’énergie lumineuse via le photosysteme I (PSI) alors que pour la voie
NADPH Thiorédoxine Réductase/thiorédoxine (NTR/TRX), le pouvoir réducteur provient du NADPH.

(C) Conservation des résidus entourant le signature WC[G/P]GC des différentes isoformes de TRXs chez 4.
thaliana. L’alignement a été généré par I’algorithme MUSCLE du logiciel MEGA?7.
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repliement typique comportant un feuillet B central composé de quatre brins  entourés de trois a
cinq hélices a. Elles sont retrouvées au sein de tous les régnes du vivant mais ces systémes sont
particulierement développés chez les organismes photosynthétiques.

Concernant les TRXs, pas moins de 37 isoformes ont ét¢ dénombrées chez A. thaliana
(Chibani et al., 2009). On distingue les TRXs typiques avec des signatures catalytiques de type
WC[G/P]PC, des TRXs atypiques dans lesquelles cette signature varie, WCR[V/K]C dans les
TRXs-like et W/G/S]C[A/G][G/]C dans les TRXs-lilium (Chibani et al., 2009).Les analyses
phylogénétiques ont permis de mettre en évidence 7 classes différentes de TRXs typiques (Figure
6), TRX f, m, z, x, y, h et o, qui présentent des localisations subcellulaires varié¢es (Figure 7A)
(Gelhaye et al., 2005). 1l faut ajouter la NTRC chloroplastique qui est une protéine chimeére
formée d’un domaine NADPH-thiorédoxine-réductase (NTR) couplé a un domaine TRX typique.
Dans le paragraphe a venir, je ne me focaliserai que sur les TRXs typiques possédant donc un site
actif WC[G/P]PC que I’on peut regrouper dans un méme clade (Figure 7C) (Gelhaye et al.,
2004). Alors que ’activité de la NTRC est dépendante du NADPH et indépendante (au moins
directement) de la présence de lumicre, les autres TRXs présentes au sein du chloroplaste, sont
maintenues réduites par la voie ferrédoxine/ferrédoxine-thiorédoxine réductase (FDX/FTR), la
réduction des FDXs étant directement dépendante du PSI et donc du flux d’¢lectrons linéaire
chloroplastique. Ce systéme est donc a la base de la régulation diurnale d’un grand nombre
d’enzymes du métabolisme carboné notamment celles du cycle de Calvin-Benson. Il a été
démontré, il y a de cela plusieurs décennies, que 1’activité de la phosphoribulokinase (PRK),
glyceraldéhyde-3-phosphate déshydrogénase (GAPDH), fructose-1,6-bisphosphatase (FBPase) et
sédoheptulose-1,7-bisphosphatase (SBPase) est controlée par les TRXs (Buchanan and Luan,
2005; Gitle et al., 2016, 2017; Lemaire et al., 2007; Schiirmann and Buchanan, 2008).La
réduction des TRXs cytosolique et mitochondriale s’opére via deux NTRs chez A. thaliana
appelées NTRA et NTRB (Figure 7C).

Concernant les GRXs, 30 a 40 isoformes sont généralement recensées chez les plantes,
avec des sites actifs trés variables par rapport au motif YCPYC retrouvé initialement dans les
isoformes d’E. coli par exemple et qui a été longtemps pris comme référence (Alves et al., 2009;
Couturier et al., 2009). En réalité, une séquence consensus de type Cxx[C/S]x35.40TVPx5.10GG,
qui comprend le site actif lui-méme (Cxx[C/S]) et les résidus impliqués dans la fixation du GSH

(TVPx3.10GG), permet plutot de définir ce qu’est un domaine GRX (Couturier 2009). Cela a
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Figure 8: Analyse phylogénétique et organisation structurale des GRXs présentes chez les organismes
photosynthétiques. La signature catalytique conservée de chaque classe est indiquée au-dessus des domaines
GRX. Les classes I et II sont présentes chez tous les organismes photosynthétiques. Les GRXs de classe I
possédent un seul domaine, alors que I’architecture des GRXs de classe II est trés variable, certaines isoformes
ayant plusieurs domaines de fonctions distinctes. Les classes III et IV sont respectivement spécifiques aux
plantes supérieures et aux organismes eucaryotes. Les GRXs de classe IV comportent deux domaines
additionnels (DEP et DUF547) dont la fonction est inconnue. Les GRXs des classes V et VI sont spécifiques
aux cyanobactéries et contiennent deux modules. Le motif catalytique de leur domaine GRX (CPWC/S et
CPWG respectivement) est spécifique a ces classes. Les GRXs de classe VI comportent également un domaine
dont la fonction est inconnue (DUF296). L’analyse phylogénétique a été réalisée en utilisant le logiciel
MEGA7. L’histoire évolutive a été déterminée en utilisant la méthode Neighbor-Joining et les distances
évolutives sont basées sur I’analyse des matrices selon la méthode de Jones, Taylor & Thornton (JTT).
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permis d’établir une classification des GRXs chez les organismes photosynthétiques eucaryotes et
procaryotes en 6 classes (Figure 8) (Couturier et al., 2009). Les classes I et II sont communes a la
majorité des organismes vivants, procaryotes et eucaryotes. La classe I regroupe principalement
des GRXs “dithiol” avec un site actif CP[Y/F]C et la classe II comprend des GRXs dites
“monothiol” ayant un site actif conservé de type CGFS (Alves et al., 2009). Les GRXs de classe
111 sont spécifiques aux plantes terrestres et possedent un site actif particulier CCxx. La classe IV,
présente chez les eucaryotes photosynthétiques regroupe quant a elles des protéines présentant un
module GRX fusionné a deux autres modules aux fonctions inconnues. Enfin, les classes V et VI
sont uniquement présentes chez les cyanobactéries et regroupent également des protéines multi-
modulaires donc la fonction est encore inconnue (Couturier et al., 2009). La majorité des GRXs
de classe I sont dépendantes du glutathion bien qu’il ait été démontré que certaines peuvent étre
réduites par des TRX réductases (Fernandes et al., 2005; Johansson et al., 2004; Zaffagnini et al.,
2008). Ainsi, lorsque les GRXs sont réduites par le GSH, il y a formation concomitante de
GSSG. Ce dernier sera alors recyclé par les GRs. On parle du systéme de réduction GSH/GRX.
Les GRXs de classe II sont requises pour la maturation des protéines Fe-S a travers leur capacité
a lier et transférer des centres Fe-S (Couturier et al., 2015; Rouhier et al., 2007). II est
généralement considéré qu’elles n’ont pas ou peu d’activité oxydoréductase. Les GRXs de classe
IIT sont capables de lier des centres Fe-S et possédent une activité oxydoréductase in vitro, mais
plus faible que celle des GRXs de classe I (Couturier et al., 2010). Il n’est pas clair si ces
propriétés sont requises pour la régulation des facteurs de transcription TGA qui ont des
fonctions importantes dans le développement des plantes mais aussi pour certaines dans la
réponse aux stress (Gutsche et al., 2015). Au niveau biochimique, il n’est pas toujours aisé¢ de
distinguer des TRXs et des GRXs sans doute a cause de leur origine commune et de variations
importantes dans les propriétés qui sont apparues au cours du temps. Néanmoins, on peut
considérer que les TRXs sont plutdt impliquées dans la réduction des ponts disulfure, les GRXs
réduisent préférentiellement les protéines glutathionylées et le GSH les protéines nitrosylées. 11
est néanmoins surprenant par exemple, et cela complique le tableau, que les TRXs réduisent aussi
un certain nombre de protéines nitrosylées. Les deux systemes TRX et GSH/GRX semblent

¢galement participer au controle de la persulfidation (Doka et al., 2016).

Les TRXs permettent la réduction des ponts disulfures selon un mécanisme dithiol (Figure 9A).

La premiére cystéine du motif WC[G/P]PC réalise une attaque nucléophile sur le pont disulfure
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Figure 9 : Représentation schématique du mécanisme catalytique dithiol des TRXs (A) et des mécanismes
de réduction de type monothiol (B) et dithiol (C) des GRXs. Pour les TRXSs, la cystéine catalytique du site
actif (TRX-S") réalise une attaque nucléophile sur le pont disulfure inter ou intra-moléculaire de la protéine
cible. Un hétérodimere covalent est alors formé entre la TRX est la protéine cible (TRX-S-S-Cible). Ce dernier
est résolu via la cystéine de recyclage (en C-terminal du motif CxxC). La TRX oxydée (pont disulfure
intramoléculaire) est recyclée par les systtmes FDX/FTR ou NTR dont le pouvoir réducteur provient
respectivement du PSI ou du NADPH. Pour les GRXs, dans les deux mécanismes, dits monothiol ou dithiol, la
cystéine catalytique du site actif de la GRX (GRX- S°) réalise une attaque nucléophile sur 1’adduit glutathion de
la protéine glutathionylée (cible-S-SG), conduisant a la libération de la protéine réduite (cible-SH) et de la GRX
sous forme oxydée (GRX-S-SG). Pour le mécanisme monothiol, la GRX est ensuite régénérée par 1’action
d’une molécule de GSH qui donnera une molécule de GSSG, elle-méme réduite par la Glutathion Réductase
(GR) NADPH-dépendante. Pour le mécanisme dithiol, ’adduit GSH présent sur la GRX-S-SG est éliminé par
I’action d’une seconde cystéine dit de recyclage, menant a la formation d’un pont disulfure. Ce dernier est
ensuite réduit par les systéemes FDX/FTR ou NTR.
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de la protéine cible. Cela conduira a la formation d’un complexe covalent entre la TRX et sa
protéine cible via la présence d’un pont disulfure intermoléculaire. Ce dernier est trés rapidement
réduit par la seconde cystéine dite cystéine de recyclage et va aboutir a la formation d’un pont
disulfure intramoléculaire sur les TRXs, réduit par les thiorédoxine réductases (Collin et al.,
2003; Gelhaye et al., 2004, 2005; Jacquot et al., 2002a, 2002b; Marri et al., 2009; Rouhier et al.,
2002; Sparla et al., 2005).

Les GRXs catalysent les réactions de déglutathionylation selon deux mécanismes, monothiol ou
dithiol, la premiére étape étant commune aux deux mécanismes. Ainsi, la cystéine catalytique de
la GRX réalise une attaque nucléophile du pont disulfure de la protéine cible glutathionylée, il en
résulte la libération de glutathion ainsi que la réduction du substrat (protéine-SH) et la formation
d’un intermédiaire GRX glutathionylée. Ensuite, dans le cas du mécanisme monothiol (Figure
9A), une seconde molécule de GSH permet de réduire ’intermédiaire réactionnel (GRX-SSQG),
libérant du GSSG et la GRX sous forme réduite. Dans le cas du mécanisme dithiol (Figure 9B),
une seconde cystéine de la GRX va réagir avec la cystéine catalytique oxydée et conduire a la
formation d’un pont disulfure intramoléculaire et la libération de GSH. La GRX est par la suite
réduite soit, par l'action d'une thiorédoxine réductase soit par 1’action successive de deux
molécules de GSH. Il est important de mentionner que les GRXs avec un site actif dithiol (Cx,C)

peuvent potentiellement utiliser les deux mécanismes catalytiques (Couturier et al., 2013a).

IV. Le repliement oxydatif des protéines

Bien que les modifications oxydatives des protéines soient généralement percues comme étant un
phénomeéne délétére, leur oxydation et notamment la formation de ponts disulfure intra- ou inter-
moléculaires est parfois essentielle pour leur repliement structural et donc leur stabilité. Cela
concerne par exemple les anticorps des cellules animales, des récepteurs membranaires, des
hormones ou des protéines de réserve. Cette oxydation est catalysée et accompagnée par
différents systémes enzymatiques qui différent selon leur localisation subcellulaire et leur origine
évolutive. Néanmoins, ces systémes présentent comme caractéristiques communes de recourir a
(1) une oxydoréductase intervenant dans I’interaction et 1’oxydation du substrat, (ii) une thiol
oxydase permettant la régénération de 1’oxydoréductase et enfin (iii) un accepteur final

d’électrons.
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1. Les protéines Dsb du systéme périplasmique bactérien

Le cytoplasme des bactéries posséde un environnement réducteur. Les bactéries Gram positives
ne présentant pas de périplasme a proprement parler, le repliement oxydatif concernera les
protéines sécrétées. Ainsi, chez les actinobactéries, il est contrdlé par une oxydoréductase
membranaire MdbA qui est maintenue oxydée par 'intermédiaire d’une vitamine K époxyde
réductase (VKOR) (Luong et al., 2017; Reardon-Robinson and Ton-That, 2016). Chez les
bactéries Gram négatives, la formation des ponts disulfures ainsi que leur isomérisation sont
contrélées au sein de ’espace périplasmique par les protéines Dsb (pour Disulfide bond), le
couple DsbA/DsbB participant a I’oxydation des protéines périplasmiques ou secrétées et le

couple DsbC/DsbD permettant I’isomérisation des ponts disulfure aberrants.

L’oxydoréductase DsbA est I’acteur principal permettant 1’introduction de ponts disulfure au sein
des protéines exportées par la machinerie Sec. Elle posséde un repliement de type TRX ainsi
qu’un site actif Cx,C (C30PHCs3 dans DsbA d’E. coli) présentant un potentiel redox relativement
¢levé de -122 mV a pH 7.0 favorable pour catalyser ces réactions d’oxydation (Ito and Inaba,
2008). Bien que les mécanismes moléculaires sous-jacents a la reconnaissance et a I’oxydation ne
soient pas complétement €lucidés, il semble clair qu’un patch de résidus hydrophobes situés a
proximité du site actif joue un réle prépondérant dans la reconnaissance et I’interaction avec les
substrats mais aussi avec la thiol oxydase, DsbB, qui maintient DsbA oxydée (Grauschopf et al.,
1995). La protéine DsbB est ancrée a la membrane interne via quatre hélices a avec deux boucles
(P1 et P2) faisant face au périplasme (Inaba et al., 2006a). L’oxydation de DsbA est médiée par
un pont disulfure impliquant deux cystéines présentes au niveau de la boucle P2 (Cys104-
Cys130). La ré-oxydation de ce pont disulfure s’opére par transfert d’électrons vers un pont
disulfure impliquant deux cystéines présentes au niveau de la boucle P1 (Cys41-Cys44) puis vers
les ubiquinones et la cytochrome oxydase en condition aérobie (Inaba et al., 2006b). Ceci
s’accompagne donc de la réduction d’une molécule d’oxygene en eau. En condition anaérobie,
les électrons sont transférés a une molécule de ménaquinone qui va permettre la réduction de
fumarate en succinate (Bader et al., 1999). Pour des substrats possédant plusieurs cystéines et ne
formant pas des ponts disulfures entre cystéines consécutives ou lors de conditions de stress qui
perturbent I’homéostasie redox du périplasme, des ponts disulfure aberrants peuvent étre intégrés

dans la protéine cible.

31



2
ey
o
ot
ES
=4
S N ,—"' - ‘6\ §_ s
e Y o 1 | b S == A
e, - %3
: - - T 1g)
g S-S §-§
a2 S-S Repliement \96, S-S
3 Reduite Oxydée structural —— Oxydée
* q;& ?H non conforme - .
\
=SH
H; _
=SH Ss >
S5 ™ s N & N q,‘ /75- c
2 g ! _: PN
A et ©
£ :Ea a oxydase @
SE A
C% psbB N o S
£ o & ¥ ol DsbD
g P % TRXA
g NADPH TRXB
s
o
s
B 1
o
o £
Es
=43
Apo-cytochrome
Apo-cytochrome redmt Holo-cytochrome ¢
oxydeé
£ 5
8 P M'nurat\on
s ‘(‘, %' Reductlon 4 's' 5\'\ cytochromc c
5 \
-9 S \
\‘\ ISH /— H‘SS o
CemG | H ‘/S c
e g |
© 3 | \
'E g CcmH | /'@
o
- /@
2, S
B o & 2™ “pebp
s B % RXA
g NADPH TRXB o
Iy

Figure 10: Représentation schématique du systéme de repliement oxydatif catalysé par les protéines Dsb
et du systéme de réduction permettant la réduction de I’apo-cytochrome ¢ au niveau du périplasme des
bactéries Gram négatives. (A) Systémes d’oxydation (DsbA/DsbB) et d’isomérisation (DsbC/DsbD). La
protéine cible pénétre au sein du périplasme au travers du canal transmembranaire SEC, puis est prise en charge
par ’oxydoréductase DsbA qui permet son oxydation. Cette dernicre est par la suite régénérée afin de réaliser
un nouveau cycle oxydatif par I’oxydase quinone-dépendante DsbB. Ancrée dans la membrane, elle sera ré-
oxydée en transférant les électrons a la cytochrome bo ou bd oxydase. Dans le cas ou des ponts disulfure
aberrants sont introduits, I’oxydoréductase DsbC permet 1’isomérisation des ponts disulfure. Elle est maintenue
réduite par D’action de la réductase membranaire DsbD qui tire son pouvoir réducteur du cytosol via la
thiorédoxine A (TRXA) et la NADPH thiorédoxine réductase (TRXB). (B) Systéme de réduction présent au
sein du périplasme permettant la réduction des apo-cytochromes c. La réductase DsbD est également capable de
réduire la protéine CcmG, qui elle-méme pourra réduire son partenaire physiologique CcmH (systéme I

32



L’introduction de ponts disulfure corrects nécessite donc une protéine a activité disulfure
isomérase. D’un point de vue structural, I’isomérase DsbC est un homodimere, chaque monomere
possédant un domaine TRX comprenant un motif Cx,C (CGYC dans DsbC d’E. coli) conservé
dans la région N-terminale associé¢ a un domaine de dimérisation dans la partie C-terminale. Pour
étre active, il est nécessaire que DsbC soit maintenue sous forme réduite afin de réduire les
protéines anormalement repliées qui pourront ensuite étre de nouveau oxydées via DsbA. La
réduction de DsbC est effectuée par la protéine transmembranaire DsbD. Cette derniére comporte
trois domaines, deux font face au périplasme, DsbDa qui comporte un repliement TRX et DsbDy
présentant un repliement de type IgG, le dernier domaine, DsbDf, est enchassé¢ dans la
membrane. Chaque domaine possede une paire de cystéines conservées indispensable a 1’activité
de la protéine (Stewart, 1999). Le motif catalytique Cx7C (Cys103-Cys109) qui permet la
réduction de DsbC est situé au niveau du domaine TRX DsbDa (Depuydt et al., 2011; Stewart,
1999). Les ¢lectrons permettant la réduction de ce motif catalytique proviennent du systéme
NTR/TRX cytoplasmique (TrxB et TrxA chez E. coli) et sont relayés successivement par les
paires de cystéines présentes au niveau du domaine transmembranaire DsbDf, puis du motif
Cx;,C du domaine DsbDy (Figure 10 A) (Goulding et al., 2002; Haebel, 2002; Joly and Swartz,
1997; Katzen and Beckwith, 2000; Kim et al., 2003; Krupp et al., 2001)..

En plus d’intervenir dans I’isomérisation de ponts disulfure, il a ét¢ démontré que DsbC régulait
I'état redox de la protéine de liaison a la L-arabinose, AraF. Cette protéine contient une seule
cystéine, qui intervient dans la formation d'un homodimeére aprés formation d’un intermédiaire
acide sulfénique, ce qui empéche la liaison du L-arabinose (Denoncin et al., 2014). En réduisant
le pont disulfure intermoléculaire d’AraF, DsbC (mais pas son homologue proche DsbG) restaure
ses propriétés de liaison de 1’arabinose, ce qui constitue un mécanisme de défense contre les
effets du stress oxydatif. Alors que toutes ces protéines co-existent dans un méme compartiment,
il est intéressant de noter que DsbD est incapable de réduire DsbA et que DsbD est incapable
d’oxyder DsbC. Il a ét¢ montré qu'une simple mutation de la glycine en position 49 de DsbC,
transformant ce dimére en monomére était suffisante pour que DsbC puisse agir comme une

oxydase et étre régénérée par DsbB (Bader et al., 2001; Segatori et al., 2006).

D’autres protéines a activité oxydoréductase coexistent dans le périplasme. La protéine DsbG est

une réductase des acides sulféniques (Depuydt et al., 2009). Cette activité est particulierement

33



34



importante pour les nombreuses protéines périplasmiques qui ne contiennent qu’un résidu
cystéinyl. Cela empéche donc la formation de modifications irréversibles de ces cystéines (acides
sulfinique et sulfonique). La encore, il est intéressant de noter que la mutation de quelques
résidus clés dans DsbG permet a cette protéine d'agir comme une disulfure isomérase de type
DsbC (Chatelle et al., 2015).Les protéines CcmG (aussi appelé DsbE) et CcmH font partie du
systtme de maturation du cytochrome c participant a la réduction d’un motif Cx,C de
I’apocytochrome ¢ qui est nécessaire a la coordination covalente d’un héme de type c apporté par
CcemF. Il a été avancé que ces deux partenaires pourraient potentiellement réduire certaines
protéines comportant des ponts disulfure aberrants (Figure 10B) (Fabianek et al., 1998,
2000).Toutes ces protéines (DsbG, CcmG et CemH) dépendent a priori de DsbD pour leur

réduction.

2. Repliement oxydatif des protéines résidant ou transitant par le

réticulum endoplasmique et I’appareil de Golgi

Le réticulum endoplasmique (RE) présent chez toutes les cellules eucaryotes forme un important
réseau membranaire a travers toute la cellule. Chez les mammiferes, prés d’1/3 des protéines
(secrétées et membranaires) sont structurées au travers du RE. Cette proportion peut méme étre
plus importante au sein de cellules spécialisées dans la sécrétion de protéines telles que les
cellules pancréatiques et les hépatocytes par exemple (Shimizu and Hendershot, 2007). Afin de
catalyser le repliement structural des protéines, le lumen du RE posséde un environnement
unique, oxydant et comprenant de fortes concentrations en protéines chaperons, en enzymes
impliquées dans le repliement structural et en ATP (Gething and Sambrook, 1992). Il existe
plusieurs voies d’adressage des protéines dans le RE mais la plus commune est un adressage co-
traductionnel au travers du complexe de translocation SEC. Dés lors que le polypeptide émerge

dans la lumiére du RE et afin d’éviter toute agrégation ou de prévenir un repliement structural

prématuré, ce dernier est pris en charge par des protéines chaperons, des facteurs de repliements
structuraux et des enzymes spécialisées (Strasser, 2018). La protéine BIP (Binding Protein),
appartenant a la grande famille des HSP70 (heat shock protein 70), est la protéine chaperon
prédominante au sein du RE. Contrairement aux levures et mammiferes, les spermatophytes

possedent 3 isoformes BIPs (BIP1, BIP2 et BIP3) qui sont dépendantes de I’ATP et se fixent aux
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polypeptides nouvellement synthétisés (Fujimori et al., 2017; Meunier et al., 2002). Ces protéines
chaperons peuvent agir en synergie avec des facteurs de repliement structural, c’est par exemple
le cas d’ERdj3 de la famille des protéines DNAJ. Cette protéine a été initialement mise en
¢vidence chez les mammiferes, permettant avec la protéine BIP le repliement structural de la
chaine lourde de I’immunoglobuline G1 (Jin et al., 2009). Parmi les chaperons se trouvent des
thiol oxydases et disulfure isomérases qui vont permettre a un grand nombre de protéines résidant
ou transitant par le RE d’acquérir des ponts disulfure et ainsi d’adopter leur repliement structural

définitif.

Chez les eucaryotes photosynthétiques, les protéines nécessitant d’étre oxydées sont par exemple
des protéines de stockage, des récepteurs membranaires comme le récepteur a brassinostéroides
(BRII) et a éthyléene (ETR1) (Hong et al., 2008; Hothorn et al., 2011; Meyer et al., 2019a;
Noguchi et al., 1999)ou des petits peptides riches en cystéines qui peuvent étre excrétées au sein
de P’apoplasme. Par exemple, I’insertion de ponts disulfure dans le peptide RALF1 (rapid-
alkalinization factor en anglais) permet son interaction avec le récepteur FERONIA intervenant

dans la modulation du développement racinaire (Haruta et al., 2014).

2.1. La réponse cellulaire aux protéines non structurées (UPR) :

mécanismes et conséquences

En principe, I’action des facteurs de maturation précédemment cités empéche I’accumulation de
protéines non structurées. Malgré tout, des protéines dont le repliement structural est aberrant et
qui vont s’agréger peuvent s’accumuler, notamment dans des conditions de stress biotique et
abiotique (Malhotra and Kaufman, 2007). Ceci initie 1’activation d’une cascade de signalisation
aboutissant a une réponse appelée UPR (unfolded protein response). Une activation de la réponse
UPR aboutit au déclenchement des processus d’autophagie et d’apoptose (mort cellulaire

programmeée) (Kaufman, 2002; Wu and Kaufman, 2006). Chez les métazoaires, I’'UPR

est activée via trois grandes voies faisant intervenir des protéine kinases, une voie IRE1 (inositol-
requiring kinase 1) une voie PERK (protein ER kinase) et une voie dépendante de 1’activation du
facteur de transcription 6 (ATF6) (Figure 11) (Harding et al., 2000; Sidrauski and Walter, 1997;
Yoshida et al., 2001).
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Figure 11: Représentation schématique des trois principales voies de signalisation conduisant a la
réponse UPR (Unfolded protein response). L’activation de la phosphatase PERK via sa dimérisation permet
I’activation du facteur de transcription 4 (ATF4). Cette voie non présente chez les organismes
photosynthétiques permet 1’expression de genes impliqués dans la détoxication des ROS et de protéines
chaperons notamment. Les deux autres voies sont présentes chez les organismes photosynthétiques. La
phosphatase IRE1 module 1’épissage de I’ARNm bZIP6 permettant de diminuer la synthése ribosomale mais
aussi I’expression de protéines impliquées dans la dégradation des protéines (ERAD) et de protéines chaperons
entre autres. La derniére voie implique la protéine AFT6 (activating transcription factor 6) qui va induire
I’expression de protéines chaperons et foldases.
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Dans le cadre de cette réponse UPR, la voie PERK est la premicre a se mettre en place pour
limiter 1’entrée de nouveaux polypeptides au sein du RE. Elle nécessite une étape de dimérisation
et d’autophosphorylation de PERK (Kaufman, 2004). Cette voie va également permettre
I’activation d’ATF4 (activating transcription factor 4) qui induit I’expression de génes codant des
protéines impliquées dans la lutte contre les ROS, des protéines chaperons et des protéines
impliquées dans le métabolisme des acides aminés (Harding et al., 1999, 2003; Ma et al.,
2002).De la méme maniére, la protéine kinase IRE1, inactive sous forme monomérique, dimérise
et s’auto-phosphoryle lors de la mise en place de I’'UPR. Ce changement permet de moduler
I’épissage de ’ARNm XBP1 aboutissant a la diminution de la traduction ribosomale, a
I’expression de protéines chaperons, a I’augmentation de la biosynthése lipidique ainsi qu’a
I’activation de la voie de dégradation des protéines ERAD (ER Associated Degradation) (Cox et
al., 1997; Travers et al., 2000). Enfin, ATF6, qui réside normalement dans la membrane du RE
(Zanetti et al., 2012), est exportée vers l’appareil de Golgi dans des conditions de stress
conduisant a I’'UPR. Aprés avoir été clivé, il est transféré dans le noyau conduisant a I’expression
de protéines chaperons, notamment des foldases. Chez les plantes supérieures, seules les voies de
réponse UPR dépendantes d’IRE1 et d’ATF6 (AtbZIP17 et 28 sont les 2 orthologues d’A.
thaliana) ont été identifiées jusqu’a présent (Liu et al., 2007a, 2007b; Wan and Jiang, 2016).
D’une manicre générale, si I’activation de I’UPR faillit a contrebalancer les défauts de repliement
structural des protéines, chacune des voies précédemment citées peut déclencher 1’activation

d’une mort cellulaire programmée par différents mécanismes que je ne décrirai pas ici.

2.2. Les systémes de repliement oxvdatif

Le repliement oxydatif des protéines qui résident dans le RE ou qui seront excrétées, implique
essentiellement deux familles de protéines qui agissent de concert, les protéine disulfure
isomérases (PDI) appartenant a la superfamille des TRXs (Freedman et al., 1994) et les protéines
EROI1 (ER oxydase 1) (Ellgaard et al., 2018). Les couples PDI/EROI1 catalysent la formation des
ponts disulfures (activit¢ oxydase) ou leur isomérisation en cas de combinaisons aberrantes
(activité isomérase) qui peuvent se produire notamment pour les protéines possédant 3 cystéines
ou plus (Buchner, 1996; Hartl and Hayer-Hartl, 2002). Dans ce systéme, les PDIs sont les

oxydoréductases intervenant dans 1’oxydation/isomérisation des substrats tandis qu’EROI est la
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Figure 12: Analyse phylogénétique des différentes classes de PDIs présentes chez les organismes
photosynthétiques.

(A) Arbre phylogénétique des PDIs présentes chez les organismes photosynthétiques. L’analyse a été réalisée
en utilisant le logiciel MEGA?7. L’histoire évolutive a été déterminée en utilisant la méthode Neighbor-Joining
et les distances évolutives sont basées sur 1’analyse des matrices selon la méthode de Jones, Taylor & Thornton
(JTT).

(B) Représentation schématique de 1’organisation structurale des différentes isoformes de PDIs chez les
organismes photosynthétiques. Adapté de Selles et al., 2011.
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thiol oxydase permettant la régénération des oxydoréductases et 1’oxygene I’accepteur final
d’électrons, conduisant a la formation d’H,0,.

Les PDIs constituent une famille multigénique composée de 5 isoformes chez la levure
Saccharomyces cerevisiae, 19 chez I’ Homme (Appenzeller-Herzog and Ellgaard, 2008; Kozlov
et al., 2010) et 13 chez A. thaliana. En revanche, le nombre de copies de genes EROI est de 1
chez Saccharomyces cerevisiae, Drosophila melanogaster ou Oryza sativa ou 2 chez la souris
(Mus musculus, EROo/ERO) ou bien A. thaliana (ERO1/ERO2) (Aller and Meyer, 2013; Dixon
et al., 2003; Sevier et al., 2007; Zito et al., 2010).

Les analyses phylogénétiques ont mis en évidence que les organismes photosynthétiques
eucaryotes possedent 9 classes de PDIs, qui différent par leur organisation structurale et la
présence de domaines spécifiques. Les classes PDI-L, M, B, S et C sont retrouvées chez tous les
organismes, la classe PDI-A est spécifique des plantes terrestres alors que les classes PDI-D, E et
F sont présentes uniquement chez les algues vertes (Selles et al., 2011) (Figure 12A).
L’architecture conventionnelle des PDIs, retrouvée dans les PDI-L chez les plantes, comporte 4
domaines qui possedent tous un repliement TRX avec un arrangement a-b-b’-a’ (Figure 12B).
Toutefois, les domaines a et a’ sont les seuls a posséder un site actif typique de la superfamille
des TRXs avec une signature catalytique souvent de type WCGHC (Edman et al., 1985) alors que
les domaines b et b’ ne possédent pas de signature Cx,C et seraient importants pour la
reconnaissance du substrat (Yagi-Utsumi et al., 2015). Trois sous-classes (PDI-L1, PDI-L2 et
PDI-L3) ont été définies entre autres en fonction de la présence ou absence d’un domaine
supplémentaire du c6té¢ C-terminal et de la conservation des acides aminés au sein des signatures
catalytiques présentes dans les domaines a et a’. Enfin, les PDI-L possédent un motif
[K/H/N]DEL a I’extrémité C-terminale qui permet leur rétention dans le RE. Le groupe PDI-M
possede deux domaines catalytiques a et a’ suivis par un seul domaine b, ainsi qu’un domaine
additionnel (appelé¢ c) en partie C-terminale. La classe PDI-S comprend des isoformes qui
possédent deux domaines catalytiques a et a’ et un domaine D de fonction inconnue. Tous les
autres groupes ne possedent qu'un seul domaine TRX catalytique, unique dans le cas des PDI-A
ou fusionné a d’autres domaines, éventuellement des ancres transmembranaires (TM). L’absence
de signal de rétention au RE dans les PDI-A pose d’ailleurs la question de sa localisation, de
méme que I’observation que ces protéines lient un centre Fe-S (Remelli et al., 2017; Selles et al.,

2017). Les PDI-B possédent, en plus du domaine a, deux domaines b et b’ et un domaine TM en
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C-terminal pour un ancrage a la membrane du RE. Les PDI-C comportent deux domaines TM
présents aux extrémités N- et C-terminales ainsi qu’un domaine COPII coated Erv, retrouvé dans
les protéines ERGIC-32 et Erv46 respectivement présentes chez 1I’homme et la levure
(Appenzeller-Herzog, 2006; Breuza et al., 2004). Les PDI-C pourraient donc par analogie aux
protéines ERGIC-32 et Erv46 participer au controle du trafic protéique entre le RE et 1’appareil
de Golgi des protéines sécrétées. Les PDI-D possédent deux domaines additionnels, un domaine J
en N-terminal généralement présent au sein des protéines chaperons de type DNAJ/Hsp40 et un
domaine ARMET en C-terminal typiquement retrouvé dans des protéines résidant dans le RE et
intervenant dans la réponse UPR (Apostolou et al., 2008; Qiu et al., 2006). Les PDI-E sont les
homologues des protéines TMX (thioredoxin-related transmembrane protein) des mammiferes et
contiennent uniquement un domaine TM en position C-terminale. Enfin, chez les chlorophytes, la
grande majorité des PDI-F posseédent une extension du c6té C-terminal qui correspondrait a une
longue hélice a n’étant pas prédite comme étant transmembranaire. Cependant 1’absence de ce
domaine transmembranaire serait compensée par 1’existence d’un signal de rétention au RE

([K/N][D/T]EL) (Selles et al., 2011).

D'un point de vue structural, les protéines EROI des différents organismes modéles ont
globalement la méme structure qui permet notamment la fixation d’un cofacteur FAD. Toutefois,
les isoformes EROI1/2 présentes chez les plantes supérieures contiennent un domaine
transmembranaire du c6té N-terminal permettant leur ancrage a la membrane du réticulum. La
régulation de 1’activité de cette protéine est complexe car il y aurait au moins 3 ponts disulfure
requis pour la catalyse et la régulation de I’activité. L’oxydation des PDIs serait permise par un
pont disulfure externe présent dans une région flexible de la protéine. Les électrons sont ensuite
relayés par un pont disulfure interne, vers le cofacteur FAD puis vers I’oxygeéne (Cuozzo and
Kaiser, 1999; Gross et al., 2004, 2006; Sevier et al., 2007). Les cystéines impliquées sont
conservées dans les isoformes de tous les organismes. En plus de ces cystéines catalytiques, les
protéines ERO1 contiennent des cystéines additionnelles qui sont souvent conservées et qui

pourraient avoir un réle régulateur. De plus, des ponts disulfure se forment entre des cystéines

catalytiques et non catalytiques dans les isoformes de levure et humaine, régulant ainsi leur
activité en inactivant transitoirement les protéines (Appenzeller-Herzog and Ellgaard, 2008;

Baker et al., 2008; Zhang et al., 2014).
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Figure 13: Représentation schématique du systéme de repliement oxydatif catalysé par le couple
PDI/EROL1 au sein du Réticulum Endoplasmique (RE). (A) Sous forme oxydée, les PDIs (ici PDI-L
comportant une organisation structurale a-b-b’-a’), vont interagir avec leur substrat réduit afin de I’oxyder pour
qu’il acquiere un repliement structural correct (activité oxydase). Une fois réduites, les PDIs sont régénérées
plus ou moins directement par I’action de I’oxydase FAD-dépendante, ERO1. Cette derniére va transférer les
¢lectrons directement a une molécule d’oxygéne formant de I’H,O,. Cette production d’H,O, est
contrebalancée notamment par ’action de thiol peroxydases (PRX/GPX). Les PDIs peuvent également étre
régénérées par 1’action d’enzymes comme les PRX/GPX ainsi que le couple vitamine K époxyde/vitamine K
¢poxide réductase (VKOR) mais ¢également par D’intermédiaire de différentes molécules comme le
déshydroascorbate (DHA), H,O, et le GSSG.

(B) Les PDIs possédent également une activité isomérase pour les protéines présentant un repliement structural
non conforme. Pour cette fonction, les PDIs doivent étre sous forme réduite. Leur réduction peut étre catalysée
par le GSH, cette réaction formant du GSSG. Il est important de noter que le GSSG ne peut €tre exporté au
travers de la membrane du RE, ce qui conduit a I’existence d’un potentiel redox GSH/GSSG significativement
oxydant comparé au cytosol.
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Pour les PDIs possédant plusieurs domaines catalytiques, leurs rdles respectifs et leur propension
a étre oxydées par les protéines ERO1 ne sont pas toujours clairs. Le modele classique
d’oxydation d’un substrat par les PDIs puis sa régénération par son partenaire physiologique
EROL1, est présenté en Figure 13A. Cependant, il n’existerait pas qu’une seule voie permettant
I’oxydation des PDIs. En effet, alors qu'un mutant ero/ chez la levure est 1étal (Frand and Kaiser,
1998; Pollard et al., 1998), la mutation de I'unique copie d'Erol chez la Drosophile n’est pas
létale (Tien et al., 2008) de méme que la mutation des deux isoformes chez la souris (Zito et al.,
2010).Des ¢études ont ainsi suggéré une ré-oxydation des PDIs par des voies non enzymatiques
(H,0,, GSSG ou DHA) (Ellgaard et al., 2018; Hudson et al., 2015) ou enzymatiques faisant
intervenir la vitamine K et la vitamine K époxyde réductase (Cao et al., 2016; Schulman et al.,
2010), ou des thiol peroxydases oxydées par des peroxydes, H>O, en particulier (Kakihana et al.,
2012; Zito, 2013). Cette derniere hypothése repose sur la présence de plusieurs thiol peroxydases
(GPx7, GPx8 et PrxIV) dans le RE chez ’homme (Ramming et al., 2014, p. 20; Ramming and
Appenzeller-Herzog, 2013; Tavender et al., 2008, Tavender et al,. 2008). Il est a noter que ces
TPXs pourraient ainsi permettre la réduction d’H,O, en H,O et donc d’éviter que le RE ne
devienne trop oxydant. Chez les plantes, la GPx-like 3 se trouve liée a la membrane du RE et
pourrait donc avoir un role similaire (Attacha et al., 2017). Néanmoins, un double mutant ero/
ero?2 est a priori 1étal chez A. thaliana, suggérant que ces protéines sont essentielles au moins au
stade gamétophytique (Fan et al., 2019). Cela n’exclut pas néanmoins que d’autres voies puissent

co-exister pour certaines PDIs ou a certains stades de développement.

La question de la redondance entre PDIs doit également étre posée compte-tenu de 1’existence de
nombreuses isoformes de PDIs au sein du régne végétal. La réponse n’est pas connue a 1’heure
actuelle mais les différences d’architectures et de propriétés catalytiques laissent penser que ce
n’est pas le cas entre PDIs de classes différentes. Pour les PDIs de méme classe, la question est
toute autre car I’identit¢ de séquence peut étre forte. Dans ce cas, la réponse est peut-étre a

chercher du coté des territoires d’expression.

Un autre ¢lément a prendre en compte concerne les différences de propriétés redox et notamment
de potentiel redox entre PDIs qui vont influer sur 1’état d’oxydoréduction de la protéine dans le
RE. En effet, pour les réactions d’isomérisation de ponts disulfure aberrants, les PDIs doivent étre

réduites (Figure 13B). La proportion de formes réduites vs oxydées pour une méme PDI pourrait
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EROI1, la régénération des autres PDIs étant catalysées par celles qui interagissent avec ERO1. D’aprés Meyer
etal., 2019.
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donc déterminer son type d’activité réductase/isomérase vs oxydase. Une protéine qui ne réagirait
pas avec ERO1 aurait donc plus de chance de rester réduite. Il a été suggéré que certaines PDIs
pourraient étre en équilibre avec le pool de glutathion réduit/oxydé (GSH/GSSG) (Delaunay-
Moisan et al., 2017; Ellgaard et al., 2018). Globalement, il n’est pas certain qu’ERO1/2 (ou
d’autres oxydants) puissent oxyder les membres de toutes les classes de PDIs. Ainsi, deux
modeles existent actuellement, un modele linéaire ou les protéines EROI possédent la capacité
d’oxyder toutes les PDIs et un modele, dit de coopération, qui propose que les protéines EROI
présentent une spécificité envers certaines PDIs qui vont relayer cette oxydation vers d’autres
isoformes (Figure 14). Ce second modele est notamment appuyé par une étude montrant la
capacité d’une PDI-L2 de Glycine max a oxyder une PDI-M qui n’était pas oxydée par EROla
(Matsusaki et al., 2016; Urade, 2019).

Différentes études ont mis en évidence I’importance des PDIs au sein de différents processus
biologiques, comme dans la maturation du pollen et des graines (Onda et al., 2011; Wadahama et
al., 2007). Il a été récemment rapporté¢ chez le blé tendre (7riticum aestivum) une forte
augmentation des transcrits et des protéines PDI-L et S ainsi que d’EROI juste aprés la
fécondation de I’ovocyte (Kimura et al., 2015). Ces dernicres sont également plus abondantes et
apparaissent intervenir lors de la syntheése des protéines de stockage telle que les gliadines et les
gluténines (d’Aloisio et al., 2010; Kimura et al., 2015). Chez le soja (Gycine max), toujours lors
du processus de formation des graines, il a été mis en évidence qu’un grand nombre de PDIs tels
que les PDI-L, S et M ainsi qu’ERO1 étaient plus fortement exprimées. Elles sont fortement
représentées lors de la maturation des cotylédons et de surcroit leur expression est corrélée avec
la biosynthése de B-conglycinine, de B-glycine (Iwasaki et al., 2009; Okuda et al., 2014). De plus,
il a été¢ démontré que les PDI-D et S avaient une activité oxydoréductase in vitro et que 1’absence
de cette isoforme chez A. thaliana entrainait des défauts de croissance et d’orientation du tube
pollinique lors de I’application d’un stress réducteur (Fan et al., 2018; Wang et al., 2008). En
réponse a différents stress abiotiques et notamment osmotique, plusieurs études mettent en avant
qu'un certain nombre de PDIs permettent la production de proline et 1’accumulation de
saccharose (Kayum et al., 2017; Kumar et al., 2015; Xia et al., 2018). Chez Solanum tuberosum,
le mutant pdil présente une sensibilité accrue a la sécheresse et au stress salin, corrélée avec une

diminution d’ASC et une augmentation des concentrations en H,O, dans les partie aériennes de la
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plante (Eggert et al., 2016). Les PDIs apparaissent également intervenir dans la détoxication des

xénobiotiques tels que le trichlorophénol (TCP) (Peng et al., 2017).

Curieusement, il a ét¢ démontré que les PDIs pouvaient avoir une fonction autre que le
repliement structural des protéines. En effet, chez 1’algue verte Chlamydomonas reinhardtii,
PDI2, avec I’aide d’une 2-Cys PRX, interviendrait dans la régulation du rythme circadien
(Filonova et al., 2013).

In planta I’absence de redondance peut, lorsque I’expression de ['unique isoforme est fortement
diminuée, induire une modification du protéome des graines mais n’a aucun effet sur la
croissance des parties végétatives (Onda et al., 2009). Cela suggere que, comme chez les
animaux, nous pouvons retrouver un systéme annexe chez les organismes photosynthétiques.

En plus du systtme ERO1/PDI, un autre acteur du repliement oxydatif existe chez les protistes,
les animaux et les plantes mais pas la levure. La protéine appelée QSOX (quiescin sulthydryl
oxidase en anglais) agirait toutefois plus tardivement dans la voie de sécrétion des protéines
(Kodali and Thorpe, 2010). La localisation des deux isoformes présentes chez A4. thaliana a été
déterminée via leur fusion traductionnelle & la GFP ou déduite d’études protéomiques. QSOX1
serait localisée au niveau de I’apoplaste et QSOX2 au niveau de I’appareil de Golgi (Alejandro et
al., 2007; Nikolovski et al., 2012). Au niveau de leur organisation structurale, ces protéines sont
en réalité¢ des chimeéres possédant un ou deux domaines TRX du c6té N-terminal, intervenant
dans I’interaction et 1’oxydation des substrats, suivi par un domaine thiol oxydase, assez proche
de la protéine ERV1 mitochondriale. De la méme maniére, celui-ci lie un cofacteur FAD
indispensable a I’activité qui permet de transférer les électrons a une molécule d’oxygene. Un
domaine transmembranaire est en général présent a I’extrémité C-terminale pour un ancrage aux
membranes. Les ¢électrons issus d’un substrat réduit, sont donc transférés séquentiellement vers le
site actif Cx,C présent au niveau du domaine TRX puis vers deux motifs Cx,C présents au sein
du domaine ERV qui réduira une molécule d’O, en H,O, grice a son cofacteur FAD
(Chakravarthi et al., 2007; Coppock and Thorpe, 2006; Okuda et al., 2014). Malgré le manque de
données chez les organismes photosynthétiques, une étude génétique basée sur la résistance a la
norspermidine a permis de mettre en évidence qu’une surexpression de la protéine QSOX2 chez
A. thaliana améliore la croissance des plantules en présence de cations toxiques (Li" et Na") alors
qu’un mutant perte de fonction gsox2 présente un phénotype inverse confirmant le role de

QSOX2 dans la détoxication des cations toxiques (Alejandro et al., 2007)..
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Protéines

Motifs cystéiniques

Fonctions

PAM16/17/18

Cytochrome b2

ATP4/7/6/14/17/18/19/20

ATP23

SOD1

CCs1

Famille TIM (TIMS, 9, 10, 12,
13)

Famille COX (COX11, 12, 17,
19, 23)
MDM35
MIC17 et MIC14

MICU

SLP2

Cx41C-Cx4C-CxC-Cx4C-Cx44C-
Cx4sC

Cx40C

Cx;C-Cx;C

CxgC-CxoC

CxoC
CxoC

CxC

Cx4,C

Insertion des protéines
dans la membrane interne

Respiration mitochondriale

Facteur de maturation de
I'ATP synthase

Facteur de maturation de
I'ATP synthase

Dismutation d’O,~

Facteur de maturation de la
SOD1

Protéines chaperons et
Import des protéines
membranaires

Facteurs d’assemblage de la
cytochrome c oxydase
(Complexe V)

Morphologie des
mitochondries

Respiration mitochondriale

Controdle du flux de Ca?*
dans I'IMS

Phosphatase impliquée
dans la régulation de la
germination

Tableau 2: Fonctions des principales protéines localisées au sein de I’espace intermembranaire
mitochondrial chez A. thaliana. L’ import des protéines contenant un motif Cx,C repose sur le systéme
MIA40/ERV1. Cette liste a été constituée principalement a partir d’études menées chez S. cerevisiae.
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3. L’import des protéines au sein de ID’espace intermembranaire
mitochondriale (IMS), séquestration par repliement oxydatif, la voie

MIA40/ERV1

3.1. LLa mitochondrie, un organite pas comme les autres...

La mitochondrie est un organite dont I’apparition est consécutive au phénomene d’intégration
endosymbiotique d’une a-protéobactérie au sein d’une cellule proto eucaryote (plus précisément
I’ancétre commun a toutes les cellules eucaryotes LECA (Last eukaryotic common ancestor). Au
cours de I’évolution, le génome ainsi que le protéome de cette a-protéobactérie ont constamment
évolué conduisant notamment a des gains, des pertes ou des relocalisations de fonction et donnant
finalement naissance aux mitochondries que 1’on connait aujourd’hui (Huynen et al., 2013). Cette
endosymbiose a également conduit a une architecture particuliere. Les mitochondries contiennent
deux compartiments aqueux (la matrice et 1’espace intermembranaire : IMS) séparés par deux
membranes biologiques : la membrane externe (Outer Membrane : OM) et la membrane interne
(Inner membrane : IM). Les données protéomiques actuelles révélent la présence de 1000 a 2000
protéines dans des mitochondries de levure et d’homme respectivement, une valeur comparable a
celle pour des mitochondries de plantes (Morgenstern et al., 2017; Mueller et al., 2017). De
maniere intéressante, I’ADN mitochondrial code 1% ou moins de ces protéines ce qui signifie
que la majorité des protéines mitochondriales sont synthétisées dans le cytosol. Elles sont
importées dans les différents sous-compartiments selon un assez grand nombre de
voies/mécanismes qui ne seront pas détaillés ici (Fischer and Riemer, 2013; Neupert and
Herrmann, 2007; Peleh et al., 2016; Riemer et al., 2009). En ce qui concerne I’'IMS, les études
suggerent la présence d’une cinquantaine de protéines au sein de ce compartiment subcellulaire
chez la levure mais trois fois plus (cent cinquante) chez I’homme, mais ce chiffre parait un peu
important (Itzhak et al., 2016; Vogtle et al., 2012). Ces protéines font partie d’un grand nombre
de complexes protéiques indispensables au bon fonctionnement des mitochondries (Morgenstern

etal., 2017).
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Figure 15: Représentation schématique des trois grandes voies d’import des protéines dans I’IMS des
mitochondries. La premiére voie repose sur la présence d'une séquence bipartite. Celle-ci est composée d’une
hélice amphipathique permettant 1’adressage de la protéine au sein de la matrice mitochondriale (MTS) suivie
d’un domaine transmembranaire (TM). L’import de la protéine est stoppé par ce dernier domaine au niveau du
complexe TIM23 puis cette séquence bipartite est clivée induisant la libération de la partie soluble dans I’IMS.
La deuxiéme voie est dite d’affinité car elle repose sur I’interaction de la protéine importée avec un partenaire
physiologique, permettant sa séquestration au sein de I’IMS. Pour la troisiéme voie, le repliement oxydatif des
substrats importés par MIA40 permet le repliement structural de la protéine de maniére concomitante a son

imnort.

52



3.2. L’import des protéines dans ’IMS, prédominance de la voie
par repliement oxydatif

La totalité des protéines résidant dans I’'IMS (Tableau 2) sont synthétisées dans le cytosol a partir
de genes nucléaires et trois voies sont actuellement proposées pour leur import (Figure 15). Ces
voies d’import ont comme point commun le passage des protéines au travers du complexe TOM
(Translocase of Outer Membrane) et leur rétention au sein de I’IMS. La premiére voie fait
intervenir une séquence N-terminale dite bipartite constituée d’une séquence permettant
I’adressage a la matrice mitochondriale (MTS pour mitochondrial targeting sequence en anglais)
formant souvent une hélice amphipathique, suivie d’un domaine TM. Ce dernier va empécher le
passage de la protéine au niveau du complexe TIM22 (Translocase of Inner Membrane 22) qui
sert normalement a I’entrée des protéines matricielles. La partie soluble de ces protéines est
libérée dans I'IMS apreés clivage de ces deux extensions (Neupert and Herrmann, 2007;
Nicholson et al., 1987). L’exemple le mieux documenté pour cette voie est peut-&tre celui de
I’import du cytochrome b2 chez la levure. La seconde voie d’import des protéines résidant dans
I’IMS est réalisée par interaction avec un partenaire physiologique présent dans I'IMS,
aboutissant donc a leur rétention dans ce compartiment. C’est la voie empruntée par la
cytochrome héme lyase ou la créatine kinase. Enfin, la troisi¢me et principale voie d’import
implique le repliement oxydatif des protéines, catalysé¢ par une oxydoréductase appelée MIA40
(Mitochondriale Intermembrane space Assembly 40) ou CHCHD4 (coiled-coil-helix-coiled-coil-
helix domain 4) chez I’homme associée a la thiol oxydase ERV1 (Essential for Respiration and
Vegetative growth 1) ou ALR (Augmenter of Liver Regeneration) (Mesecke et al., 2005).
L’oxydoréductase MIA40 étant capable de coordonner un ion zinc et/ou cuivre in vivo (Terziyska
et al., 2005), un troisiéme acteur, Hot13 chez la levure et RCHY chez ’homme, pourrait servir
indirectement a 1’oxydation de MIA40 en catalysant sa démétallisation, mais aucun orthologue
n’est connu chez les plantes (Mesecke et al., 2008). Dans les 3 cas, I’adoption de la structure
tridimensionnelle des protéines empéche leur sortie de I’'IMS (Neupert and Herrmann, 2007). Les
protéines cibles/substrats de MIA40 sont caractérisées par la présence d’une séquence
d’adressage interne typique appelée ITS (Intermembrane space Targeting Signal en anglais) ou

MISS (Mitochondrial IMS—Sorting Signal en anglais). Ces séquences comportent une hélice
amphiphile la plupart du temps a proximité d’un motif cystéinique spécifique, deux répétitions

Cx;C dans le cas par exemple des protéines chaperons TIM (TIMS, TIM9, TIM10 et TIM13) ou
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Figure 16: Import et repliement oxydatif des protéines au sein de I’espace intermembranaire des
mitochondries par le couple MIA40/ERV1.

La protéine sous forme réduite est importée dans I'IMS via le complexe TOM. Elle interagit avec
I’oxydoréductase MIA40 via la présence d’une séquence interne d’adressage a I’'IMS (MISS) présente a
proximité des motifs Cx,C-Cx,C. Cette interaction conduit a ’oxydation, au repliement structural et a la
rétention de la protéine nouvellement importée. La régénération de MIA40 est effectuée par ERVI1 qui se
retrouve ainsi sous forme réduite. ERV1 est ensuite ré-oxydée, dans des conditions aérobies via la réduction
d’une molécule d’oxygene, soit au travers du cytochrome c et de la cytochrome c oxydase (complexe IV)
permettant la production d’une molécule d’eau (H,O) ou directement aboutissant a la production d’H,O,. Dans
des conditions anaérobies, la fumarate réductase permet de transférer les électrons a une molécule de fumarate
et de libérer du succinate. Ce modele a été réalisé a partir de différentes études élaborés chez la levure et
I’humain.
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deux répétitions CxoC dans le cas des facteurs de maturation de la cytochrome ¢ oxydase
(COX11, COX12, COX17, COX19, COX23) (Longen et al., 2009; Milenkovic et al., 2009; Peleh
et al., 2016; Sideris et al., 2009). Chez les organismes possédant les deux protéines, ce systeme
fonctionne de la maniere suivante (Figure 16). MIA40 reconnait ses substrats grace a une zone
hydrophobe puis catalyse 1’introduction de(s) ponts disulfure au sein de la protéine cible par
I’intermédiaire de son motif catalytique CPC. MIA40 se trouve alors réduite et le motif CPC de
MIA40 est ré-oxydé par l’oxydase ERVI1 qui transfere les électrons a 1’accepteur final
(cytochrome c ou O,) grace a la présence de son cofacteur FAD.

L’interaction de MIA40 avec ses substrats est donc médiée par I’intermédiaire d’une zone
hydrophobe (appelée également clé hydrophobe) qui reconnait la séquence d’adressage ITS ou
MISS en aval des cystéines du substrat a oxyder (Riemer et al., 2011). Une récente étude a mis en
avant que cette clé hydrophobe présente au sein de MIA40 est essentielle pour son activité et
permet méme de compenser dans une certaine mesure la perte de I’activité oxydase. En effet, une
version redox-inactive de la protéine (mutée pour les 2 cystéines du motif CPC) est suffisante et
permet d’assurer les fonctions respiratoires chez S. cerevisiae (Peleh et al., 2016). Les auteurs
suggerent que cette forme non active d’un point de vue redox permettrait de piéger les substrats
qui seraient oxydés directement par ERV1 méme si cette activité est faible.

Néanmoins, in vivo, apres avoir oxydé son substrat, MIA40 doit étre régénérée par 1’oxydase
FAD dépendante ERV1 afin d’accomplir un nouveau cycle oxydatif. Cette oxydase possede deux
motifs Cx,C qui participent au transfert d’¢lectrons. Celui qui régénére le motif CPC de MIA40
est situé a I’extrémité C-terminale ou N-terminale selon les organismes considérés (voir plus
bas). Le second motif Cx,C, situé au centre de la protéine, transfére les électrons vers le cofacteur
FAD adjacent. Dans des conditions aérobies, I’accepteur final d’¢lectrons est vraisemblablement
le cytochrome ¢ puis la cytochrome ¢ oxydase (complexe IV de la chaine respiratoire) qui réduira
donc O, en H,O. Si les électrons sont transférés directement a 1’0O,, il y aura formation d’H,0,.
Dans des conditions anaérobies, il a ét¢ mis en évidence récemment que ’accepteur final
d’¢électrons chez la levure était le fumarate. Via I’action de la fumarate réductase (OSMI) il
permettrait la régénération de la protéine ERV1 de facon concomitante a la production de
succinate (Neal et al., 2017). De maniére intéressante, des études in vivo ont montré que le GSH
présent a des concentrations de 1’ordre du mM améliorerait significativement 1’oxydation des

protéines en favorisant 1’activité catalytique de MIA40 (Bien et al., 2010). Mais également, en
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Figure 17: Analyse phylogénétique des protéines MIA40 présentes chez différents organismes eucaryotes
et organisation structurale. L’analyse phylogénétique a été réalisée en utilisant le logiciel MEGA7. L’histoire
évolutive a été déterminée en utilisant la méthode Neighbor-Joining et les distances évolutives sont basées sur
I’analyse des matrices selon la méthode de Jones, Taylor & Thornton (JTT).
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réduisant les protéines présentant un repliement structural non conforme (Bien et al., 2010;
Riemer et al., 2011). Diverses études mettent en avant un ratio GSH/GSSG trés proche ou
identique a celui du cytosol (entre -250 et -300 mV) mais beaucoup plus réducteur au sein de la
matrice (entre -300 et 330 mV) (Calabrese et al., 2017; Hu et al., 2008; Kojer and Riemer, 2014;
Kojer et al., 2012, 2015; Ostergaard et al., 2004). Chez la levure S. cerevisiae, les mutations des
geénes ervl et mia40 sont létales mais I’étude de mutants conditionnels indique notamment des
défauts d’import des protéines clés de la chaine respiratoire mitochondriale et une
hypersensibilité aux agents réducteurs (Chacinska et al., 2004; Mesecke et al., 2005; Peleh et al.,
2016). Les défauts de maturation des protéines Fe-S cytosoliques initialement observés dans le
mutant ervl sont a priori liés a une mutation présente dans un des 2 genes de biosynthése du
glutathion, confirmant au passage I’importance du GSH pour ce processus (Lange et al., 2001;
Ozer et al., 2015). Dans ce contexte, il est €également surprenant que Mia40 de levure soit capable
de fixer un centre Fe-S lorsque la protéine recombinante est exprimée dans E. coli (Spiller et al.,
2013). La signification physiologique de cette observation n’a pas ét¢ démontrée. Des travaux
réalisés chez A. thaliana indiquent que la mutation du géne codant pour ERV1 est 1étale au stade
embryonnaire alors que le mutant mia40 est viable et ne présente pas de phénotype
macroscopique lorsqu’il est cultivé en conditions standards (Carrie et al., 2010; Levitan et al.,
2004). De plus, MIA40 serait localisée au sein des peroxysomes du fait d’une séquence
d’adressage SKL présente a I’extrémité C-terminale (Carrie et al., 2010). II a été suggéré que cela
pourrait étre li¢ a la présence d’une SOD dans ce compartiment (CSD3) qui nécessite la
formation d’un pont disulfure et dont I’expression est fortement diminuée dans le mutant mia40
(Carrie et al., 2010).

Dans ce contexte, il est également intéressant de noter que les eucaryotes inférieurs appartenant
notamment a la classe des Kinétoplastides, comprenant notamment les ordres Leishmania et
Trypanosomes, ne contiennent pas la proté¢ine MIA40 mais posseédent une protéine ERV1 avec
une architecture atypique similaire aux protéines de plantes et d’ERV2 chez les levures. Il avait
été suggéré que la protéine ERV1 était capable d’oxyder directement les substrats de MIA40.
Cependant, la protéine ERV1 de Leishmania n’est pas capable de complémenter le mutant mia40
de levure, bien qu’une protéine chimérique mimant la protéine de levure soit capable de
complémenter le mutant erv/ (Specht et al., 2018). Ces résultats suggéraient donc la nécessité

d’un autre acteur dans ce processus d’oxydation. Une des protéines qui pourrait pallier a
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Figure 18: Analyse des structures tridimensionnelles des protéines MIA40 et ERV1 d’A. thaliana.

(A) Modele structural de la protéine MIA40 d’A4. thaliana (AtMIA40) a partir de la structure résolue par RMN
de la prot¢ine CHCHD4 humaine (code PDB, 2K3J). (B) Alignement structural des protéines MIA40 humaine
(bleu) et d’A. thaliana (vert). (C) Localisation du patch hydrophobe (en rose) présent sur les hélices a2 et a3
d’AtMIA40. (D) Structure tridimensionnelle de la protéine ERV1 d’A4. thaliana (AtERV 1, code PDB 2HJ3). La
protéine est présente sous la forme d’un homo-dimére avec les monomeres (en bleu ou vert) orientés téte-
béche. L'extrémité C-terminale contenant le site actif, trop flexible, a ét¢é modélisée en utilisant la protéine
ERV2 de S. cerevisiae (code PDB, 1JRA). (E) Alignement structural des domaines centraux FAD d’AtERV1
(vert) et de SCERV1 (bleu). Les différentes structures représentées ici ont ¢té obtenues a 1’aide des logiciels
SWISS-MODEL, PyMOL et WinCoot.
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I’absence de la protéine MIA40 est la protéine MIC20 qui comporte un repliement de type TRX
et intervient dans le complexe de formation des jonctions cristallines au sein de la membrane

interne (Kaurov et al., 2018).

3.3. Détails sur les mécanismes moléculaires et structuraux de la

voie MIA40/ERV1

Les mécanismes moléculaires et structuraux décrits pour cette voie proviennent principalement
d’études menées chez la levure et I’humain. 11 existe assez peu d’éléments en ce qui concerne
cette voie chez les organismes photosynthétiques. Les analyses phylogénétique et structurale des
protéines MIA40 (Figure 17) laissent penser qu’il y a peu de différence entre isoformes
d’organismes différents. En effet, I’ossature de la protéine est relativement bien conservée quel
que soit I’organisme. La protéine adopte un repliement hélice-tour-hélice, les 2 hélices étant
reliées par deux ponts disulfure impliquant les deux motifs CxoC alors que la région N-terminale
a proximité des deux cystéines catalytiques présentes au sein du motif CPC forme une courte
hélice a formant une sorte de crochet. Les différences existantes concernent la présence
d’extensions N-terminales de longueur et de nature trés variables. Chez la levure, cette extension
est formée par un domaine transmembranaire permettant son ancrage a la membrane interne et
donc sa rétention dans I’'IMS (Peleh et al., 2016) ainsi que par une longue séquence peptidique
qui n’est pas essentielle a la fonction de la protéine in vitro ni in vivo (Peleh et al., 2016, 2017).
Bien que nous n’ayons aucune donnée structurale concernant la protéine MIA40 d’A. thaliana, la
forte conservation de séquence a permis I’obtention d’un modéle relativement robuste en utilisant

le logiciel SWISS-MODEL (https://swissmodel.expasy.org/) (Figure 18A). La superposition

(Figure 18B) de ce modele avec la protéine humaine (40.5% d’identité¢) indique que les
principales caractéristiques structurales sont conservées. En effet, du c6té N-terminal, nous
pouvons observer une partie non structurée et trés flexible comportant le site actif CPC (Cys68-
Cys70 numérotation chez A. thaliana), qui devrait a priori €tre relativement bien exposée au
solvant. Les hélices a2 et a3, orientées téte beche sont reliées via deux ponts disulfure impliquant
les deux motifs CxygC (Cys79-Cys88x,,Cys102-Cys111, numérotation chez 4. thaliana). Ce corps
hélice a forme un patch hydrophobe (ou clé hydrophobe) et est impliqué dans I’interaction avec

les motifs MISS présents au sein des différents substrats (Banci et al., 2009, 2012; Milenkovic et
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Figure 19: Analyse phylogénétique des protéines ERV1 présentes chez différents organismes eucaryotes
« supérieurs » et « inférieurs » et organisation structurale. Cette analyse phylogénétique a été réalisée en
utilisant le logiciel MEGAT7. L’histoire évolutive a été¢ déterminée en utilisant la méthode Neighbor-Joining et
les distances évolutives sont basées sur I’analyse des matrices selon la méthode de Jones, Taylor & Thornton
JTT).
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al., 2009; Sideris et al., 2009). L’hélice al interagit avec cette clé hydrophobe conduisant a

I’interaction du site actif CPC avec le substrat puis son oxydation (Meyer et al., 2019a).

Concernant la protéine AfERVI, il a été montré qu’elle adoptait en solution une structure en
homodimeére (Vitu et al., 2006), chaque monomeére étant en orientation téte-béche. Les analyses
phylogénétique et structurale (Figure 19) mettent en avant que le domaine central de la protéine
semble étre relativement bien conservé. Il est constitué de cing hélices a et posséde quatre
cystéines (Cys119, Cys122, Cys148 et Cys165 chez I’isoforme d’A. thaliana) (Vitu et al., 2006).
Les Cys148-Cys165 permettent la formation d’un pont disulfure intramoléculaire structural et
n’interviennent donc pas dans le mécanisme catalytique. En revanche, les Cys119-Cys122
forment le motif thiol-disulfure proche du domaine FAD. Ce dernier va transférer les €lectrons
jusqu’a une molécule d’oxygene, soit directement en la réduisant partiellement en H,O,, ou
indirectement via le cytochrome c permettant sa réduction compléte en H,O au travers du
complexe IV de la chaine respiratoire mitochondriale (Bihlmaier et al., 2007; Vitu et al., 2006).
L’inversion des cystéines catalytiques permettant la régénération de la protéine MIA40 représente
la différence majeure entre 1’isoforme ERV1 des mammiferes, champignons et levures
(embranchement des Opistochontes) et I’isoforme ERV1 présente chez les organismes
photosynthétiques. En effet, le motif catalytique Cx,C est localisé a I’extrémité N-terminale chez
les opistochontes tandis qu’il est présent au niveau de la partie C-terminale de la protéine des
organismes photosynthétiques. Il est également intéressant de noter que chez les opistochontes,
ce domaine N-terminal est important pour la reconnaissance de la protéine MIA40.
Contrairement aux opistochontes, le site catalytique des protéines ERV1 présente une grande
diversité¢ chez les organismes photosynthétiques. En effet, les isoformes des plantes terrestres
possedent un motif Cxs3.sC, alors que les isoformes des algues vertes ont un motif Cxg 13C ou
présentant un site dégénéré ou 1’'une des deux cystéines est quelquefois absente suggérant un
mécanisme d’action différent. Il peut étre intéressant de noter que la protéine ERV1 présente chez
les kinétoplastides comporte une architecture similaire a celle des organismes photosynthétiques.
Les cystéines catalytiques forment également un site actif Cx3;C localisé dans la partie C-
terminale de la protéine. Toutefois, dans cet embranchement nous observons un domaine
additionnel KISS présent entre le domaine FAD et le site actif Cx3C. Cette différence structurale

peut expliquer pourquoi la protéine ERV1 de Leishmania est incapable de complémenter

fonctionnellement le mutant erv/ de levure (Eckers et al., 2013; Specht et al., 2018).
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CPC

Figure 20: Echanges électroniques impliqués dans la régénération de MIA40 (vert) par ERV1 (bleu) chez
A. thaliana. Le motif CPC de MIA40 transfére les électrons aux cystéines du site actif Cx,C présent en C-
terminal d’un des monomeres ERV1, ces ¢électrons sont ensuite transférés aux cystéines adjacentes au cofacteur
FAD présentes au sein du motif Cx,C de I’autre monomére puis enfin au cofacteur FAD de ce méme
monomere.
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Les ¢études réalisées chez les kinétoplastidés de méme que les analyses phylogénétique et
structurale pourraient expliquer I'incapacité des protéines ERV1 et MIA40 d’A. thaliana a
complémenter les mutants correspondants de levure ainsi que 1’absence de phénotype chez le
mutant mia40 d’A. thaliana (Carrie et al., 2010; Levitan et al., 2004). En se basant sur le mod¢le
de l'eucaryote inférieur Leishmania, ces différences structurales pourraient empécher la protéine
AtERV1 de régénérer la protéine Mia40 de levure et I’absence de phénotype chez le mutant
mia4(0 de plante pourrait s’expliquer par un role non-essentiel de MIA40 ou la présence d’une

protéine MIA40-like accomplissant la méme fonction.

Néanmoins, le mécanisme catalytique permettant le transfert des électrons du substrat jusqu’a une
molécule d’O, semble étre conservé quel que soit 1’organisme (Figure 20). Les électrons
provenant du substrat sont transférés séquentiellement du site actif CPC de MIA40 jusqu’au site
catalytique Cx,C du monomere 1 de ERV1. Ce dernier qu’il soit présent en N- ou C-terminal est
régénéré par le site actif Cx,C du domaine central du monomeére 2 qui, présent a proximité du

cofacteur FAD va permettre sa réduction puis celle d’'une molécule d’oxygene.

4. Les systémes de repliement oxydatif au sein du lumen des thylakoides

Comme au sein du RE et de I'IMS des mitochondries, le lumen des thylakoides posséde un
systtme de formation des ponts disulfure permettant le repliement structural de certaines
protéines.

Le systeme de repliement oxydatif des protéines présent au niveau du lumen des thylakoides
comporte lui aussi les trois grands composants nécessaires a 1’oxydation : (i) une oxydoréductase,
(i1) une thiol oxydase et (ii1) un accepteur final d’¢électrons. Les deux premiéres fonctions sont
assurées par une seule protéine, appelée Lumen Thiol Oxydoréductase 1 (LTO1), qui est une
protéine fusion entre un domaine C-terminal TRX/DsbA-like et un domaine VKOR permettant la
régénération de I’oxydoréductase (Figure 21) (Karamoko et al., 2011). Le domaine VKOR
comporterait entre quatre et cinq domaines transmembranaires insérés dans la membrane des
thylakoides. Il compte également deux paires de cystéines conservées présentes au sein de motifs
Cx4.6C et Cx,C. Le premier est responsable de 1’oxydation des motifs cystéiniques présents au
sein du domaine DsbA-like et le deuxieme transfere les é€lectrons vers I’accepteur final qui

pourrait €tre une phylloquinone (PQ) ou une naphtoquinone, ce qui permettrait de connecter ce

63



Stroma
[ Mermbrane des 1117711 1171177117 111 fﬂﬁ? “rfﬁ i
SEUBEBERULL H{% Bl BEERYY, % ﬁ %

rlml.,ﬁ;}.eﬁ;??%%ﬁ
“ﬁ?&"ﬁ‘i?l‘f?fwé%&,wg

Stroma LT01

Figure 21: Représentation schématique du systeme d’oxydation des protéines présent au niveau du lumen
des thylakoides.

La protéine LTOI est une fusion entre un domaine N-terminal VKOR (thiol oxydase) permettant 1’oxydation
d’une ou deux paires de cystéine présentes dans le domaine DSBA en position C-terminale et qui permettent
I’oxydation des protéines cibles. Bien que le mécanisme moléculaire ne soit pas totalement élucidé¢, le motif
Cx4.6C assurerait 1’oxydation de I’un des deux ou des deux motifs (Cx,C et Cx¢.8C) du domaine DSBA puis de
transférer les électrons résultant de cette oxydation a la plastoquinone (PQ), présente au niveau de la membrane
des thylakoides par I’intermédiaire du motif Cx,C.
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systeme au PSII et a la biosynthése de NADPH (Furt et al., 2010). Le domaine DsbA contient
¢galement deux paires de cystéines conservées au sein des motifs Cx,C et CxggC, permettant le
transfert d’électrons du substrat vers le domaine VKOR (Figure 21). Les paires de cystéines
composant les deux motifs Cxe-sC et Cx,C au sein du domaine DsbA de LTO1 et impliquées

dans I’oxydation des substrats n’ont pas été précisément identifiées a I’heure actuelle.

Au niveau fonctionnel, LTO1 est capable de complémenter partiellement les simples mutants
dsbA, dsbB et un double mutant dsbA/dsbB d’E. coli, confirmant ainsi la fonctionnalité des 2
domaines et I’existence d’activités oxydoréductase et thiol oxydase au sein de la méme protéine
(Feng et al., 2011; Karamoko et al., 2011) . De plus, ces ¢tudes ont montré que les huit cystéines
conservées de la protéine LTO1 étaient indispensables a la complémentation fonctionnelle des
mutants bactériens (Feng et al., 2011). L’importance des 4 cystéines du domaine VKOR a
¢galement été confirmée in planta par complémentation fonctionnelle du mutant ltol d’A.
thaliana avec des mutants monocystéiniques de LTO1 (Du et al., 2015). Ce mutant /tol d’A.
thaliana présente un déficit d’efficacité du photosystéme II (PSII) associé¢ a une réduction sévere
de I’abondance des sous-unités structurales du PSII et notamment de la protéine D1 alors que
'abondance des protéines formant le cytochrome b(6)f ou le photosystéme I reste inchangée
(Karamoko et al., 2011; Lu et al., 2013). De ce fait, la croissance végétative de ce mutant est
fortement affectée dans des conditions standard et des phénoménes de photo-inhibition sont
observés en réponse a de fortes intensités lumineuses (Yu et al., 2014). Ce dernier phénotype
serait li¢ a un défaut de dissipation d’énergie di a I’inefficacité du cycle des xanthophylles. De
plus, ce mutant accumule des ROS en situation de stress osmotique et LTO1 pourrait dans ce
cadre affecter la biosynthése d’ABA (Lu et al., 2015). Cette sensibilit¢ aux ROS semble li¢e a
une diminution de I’abondance de certaines enzymes antioxydantes telles que ’APX1, la CAT2
et la DHARI1 (Lu et al., 2013).

La plupart de ces phénotypes sont a priori expliqués par des défauts de repliement oxydatif de
certaines protéines. Ainsi, il a ét¢é montré par double hybride en levure que le domaine
TRX/DsbA de LTOI interagit avec PsbO, une sous-unité du PSII qui nécessite la formation d’un
pont disulfure (Karamoko et al., 2011). La protéine recombinante catalyse I’oxydation in vitro de
PsbO mais aussi de FKBP13 (FK-506 binding protein 13), une peptidyl-prolyl cis-trans
isomérase qui est inactive lorsque ses 2 paires de cystéines sont réduites (Gopalan et al., 2004;

Karamoko et al., 2011; Lu et al., 2013).Ce dernier résultat est plus surprenant car AtFKBP13 est
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essentielle pour la formation du complexe Cyt bef (Gupta et al., 2002), mais celui-ci ne semble
pas affecté¢ dans un mutant /to/. D’autres cibles potentielles de LTO1 ont été isolées par double
hybride binaire en levure en utilisant le domaine TRX/DsbA comme appat. Il s’agit d’HCF164
(High Chlorophyll Fluorescence 164), du cytochrome c6A, de la violaxanthine dé-époxidase, de
la protéine d'arrét du développement du sac embryonnaire (EDA3), de deux protéines PPR (TL17
et TL20.3) et d’une autre protéine de liaison a FK-506, FKBP20-2 (Lu et al., 2015). L’interaction
avec la violaxanthine dé-époxidase, dont 1’activité est inhibée par réduction (Hall et al., 2011),
explique sans doute le défaut de dissipation thermique observé dans le mutant /to/. L ’interaction
avec HCF164 peut paraitre surprenante car celle-ci posséde une activité réductase (Motohashi
and Hisabori, 2006). En réalité, au moins 30 protéines sur les 80-100 protéines identifiées a
I’heure actuelle dans le lumen des thylakoides possédent un pont disulfure, ce qui suggere que le
nombre de partenaires de LTOI1 est plus important et/ou qu’une autre protéine possede une

activité oxydase (Hall et al., 2011; Kang and Wang, 2016).

V. Les systémes de réduction intervenant dans la maturation des cytochromes

de type ¢ dans ’IMS et le lumen des thylakoides

Un certain nombre de protéines présentes dans les compartiments ou se déroule le repliement
oxydatif nécessitent a contrario d’étre sous forme réduite. C’est le cas des cytochromes de type c.
En effet, a la différence des hémes a et b, les hémes c sont attachés de maniere covalente aux apo-
cytochromes ¢ par I’intermédiaire de deux résidus cystéines présents au sein d’un motif
caractéristique Cx,CH. Ces dernieres forment une liaison thioéther entre leur groupement thiol et
la fonction vinyle du groupement prosthétique de I’héme. La maturation des cytochromes de type
¢ (cyto-c) est réalisée de manicre post-traductionnelle. Leur présence au sein de compartiments
ayant une nature plutdt oxydante (périplasme, IMS, lumen des thylakoides) implique I’existence
de machineries particulieres et/ou d’un systéme de réduction spécifique afin que les cystéines
présentes soient maintenues sous forme réduite. Jusqu’a présent trois grands systemes
d’assemblage des cyto-c ont été distingués. Le systetme I est présent chez les o- et v-
protéobactéries et certaines - et d-protéobactéries, mais également au sein des mitochondries des
organismes photosynthétiques et de certains protozoaires. Le systéme II est trouvé au sein des
chloroplastes, des bactéries Gram positive, des cyanobactéries et la plupart des B- et o-

protéobactéries. Enfin, le systeéme III est essentiellement retrouvé au niveau des mitochondries
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des Opistochontes (champignons et vertébrés), d’invertébrés et de quelques protozoaires (Kranz
et al., 2009). Ce dernier semble relativement rudimentaire mais efficace (Dumont et al., 1987).
En effet, aprés import de I’apo-cytochrome et de I’héme au sein de 1’espace intermembranaire,
une cytochrome héme lyase (CCHL) associée a la membrane interne permet la liaison de ’héme
afin de produire un holo-cytochrome c. Ce systéme ne nécessite aucune autre enzyme (Bernard et

al., 2003; Travaglini-Allocatelli, 2013).

1. Le systeme I de maturation des cytochromes ¢ au sein de ’IMS des

organismes photosynthétiques

Le systeme I parait le plus complexe des trois types d’assemblage utilisant jusqu'a 8 ou 9
protéines associées a la membrane interne appelées protéines CCM (Cytochrome C Maturation)
chez les bactéries (Verissimo et al., 2017). D’une facon simpliste, il peut étre divisé en deux
grandes étapes, I’import de I’héme au niveau du site d’assemblage par les protéines CcmABCDE
et la fixation covalente de ’héme a 1’apo-cytochrome par les protéines CcmFGHI. Chez E. coli, il
a ¢t¢ mis en évidence que la protéine CcmF ¢était capable de fixer un héme et permettrait
¢galement sa réduction par I’intermédiaire d’une quinone (Richard-Fogal et al., 2009). Bien qu’il
soit maintenant certain que les protéines CcmG et H interviennent dans la réduction de I’apo-
cytochrome, leurs fonctions exactes restent incertaines (Meyer et al., 2019b; Verissimo et al.,
2017). L’assemblage des cytochromes ¢ au sein de mitochondries des organismes
photosynthétiques différe de celui retrouvé chez les bactéries. En effet, A. thaliana possede des
genes codant pour les protéines CCMA, CCME et CCMH dans le génome nucléaire et pour les
protéines CCMB, CCMC et CCMF dans le génome mitochondrial mais pas pour CCMG et la
réductase transmembranaire DsbD (Meyer et al., 2005; Rayapuram et al., 2008), soulevant ainsi
la question de la réduction de 1’apo-cytochrome ¢ au sein de I’IMS des plantes terrestres. En
accord avec I’idée qu’il n’y a pas de redondance fonctionnelle avec CCMG comme suggéré chez
les bactéries ou de voie alternative, la mutation du géne CCMH chez A. thaliana est 1étale au
stade embryonnaire (Meyer et al., 2005). CCMH différe de son homologue bactérien par la perte
de son domaine Ccml-like dans sa partie C-terminale (Ahuja et al., 2008). La protéine CCMH
retrouvée chez les plantes est constituée de 3 domaines, le domaine N-terminal comportant le site
actif Cx,CH et exposé vers I'IMS, un domaine transmembranaire et un domaine C-terminal

expos¢ vers la matrice (Meyer et al., 2005). Cette derniére étude a mis en évidence que la
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Figure 22: Systémes de réduction présents au sein de ’IMS des mitochondries (A) et du lumen des
thylakoides (B) et intervenant dans la maturation des cytochromes c.

(A) Le systeme de réduction au sein de 'IMS est un systéme de maturation du cytochrome ¢ de type 1. La
réductase CCMH est composée d’un domaine C-terminal exposé vers la matrice, d'un domaine central
membranaire (TM) et d’un domaine N-terminal exposé face a I'IMS, permettant la réduction de 1’apo-
cytochrome ¢ (le domaine réductase d’A. thaliana a ét¢é modélisé a partir de la protéine de Pseudomonas
aeruginosa (2HL7)). Une fois réduit, I’apo-cytochrome interagit avec la protéine CCMF permettant 1I’import et
I’incorporation de I’héme afin de former 1’holo-cytochrome c.

(B) Le systéme de réduction situ¢ au niveau du lumen des thylakoides est un systéme de maturation type II. Ce
systeme fait intervenir deux protéines dénommées CCDA et HCF164. HCF164 est une réductase (TRX-like)
permettant I’interaction et la réduction des protéines cibles (apo-cytochrome entre autres) via son site actif
Cx;C. Elle est ancrée a la membrane via un domaine transmembranaire (TM). Cette protéine est maintenue
sous une forme réduite grace a 1’action de la protéine CCDA qui permettrait de transférer le pouvoir réducteur
provenant d’une TRX m localisée au sein du stroma.
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protéine recombinante correspondant au domaine N-terminal est capable de réduire des peptides
contenant le motif Cx,CR retrouvé au sein de I’apo-cytochrome c. Cependant il n’a toujours pas
été démontré comment la protéine CCMH était elle-méme réduite et ainsi, si et comment des
¢lectrons transitaient a travers la membrane interne. Une des hypothéses émise par (Meyer et al.,
2019b) est la présence d’une protéine inconnue ayant une fonction analogue a la protéine DsbD
bactérienne voire que CCDA, le paralogue chloroplastique, soit aussi adressé a la mitochondrie.
Le pouvoir réducteur proviendrait de TRXs mitochondriales présentes dans la matrice telle que
les TRXo1, 02 ou h2 (Figure 22A). D’autres hypothéses reposent sur la présence d’un systeme
TR-TRX au sein de I’'IMS comme chez la levure ou la participation du pool de GSH.

2. Le systeme de réduction et de maturation de type II des cytochromes ¢

au sein du lumen des thylakoides

Le systeme de type II a été¢ mis en évidence dans les années 1990 par ’intermédiaire d’études
génomiques chez Chlamydomonas (Dreyfuss et al.,, 2003). Comme dans I'IMS de la
mitochondrie, ce systéme doit permettre (i) la réduction de 1’apo-cytochrome et (ii) la fixation de
I'héme a ce dernier. Ce systéme repose sur la présence de quatre protéines chez les bactéries. La
protéine membranaire CcsA comporte un domaine WWD avec trois histidines conservées et
permet de transporter ’héme vers 1’espace intermembranaire. Elle forme un complexe avec la
protéine CcsB qui aide a maintenir 1’apo-cytochrome a proximité de I’héme et de deux derniers
acteurs, DsbD et CcsX qui interviennent dans la réduction des cystéines du motif Cx,CH de
I’apo-cytochrome. La protéine CcsX participe directement a la réduction, alors que DsbD
(comme pour le systétme Dsb périplasmique section IV 1) transfére le pouvoir réducteur
provenant d’une TRX a travers la membrane interne jusqu’a la réductase (Kranz et al., 2009). Au
sein du lumen des thylakoides, huit protéines seraient impliquées(Gabilly and Hamel, 2017). Les
protéines CCDA et HCF164 permettraient la réduction ou le maintien sous forme réduite de
I’apo-cytochrome. L’absence de 1I’un de ces deux acteurs chez A4. thaliana conduit a un défaut

d’assemblage du cytochrome b6f au sein des thylakoides (Page et al., 2004).

Du point de vue structural, CCDA est similaire a la protéine DsbB bactérienne. Elle possede six

hélices a transmembranaires lui permettant de s’insérer au sein de la membrane des thylakoides
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mais également de recevoir des électrons des TRXs-m présentes au niveau du stroma des
chloroplastes (Figure 22B). Les TRXs-m réduiraient un pont disulfure formé entre deux cystéines
conservées au niveau des hélices a transmembranaires 1 et 4, ces cystéines assureraient ensuite la
réduction du pont disulfure catalytique formé par les cystéines présentes au sein du motif Cx,C
d’HCF164 (Motohashi and Hisabori, 2006, 2010). En effet, cette TRX-like posséde un domaine
transmembranaire en position N-terminale permettant un ancrage au niveau de la membrane et un
domaine TRX en position C-terminale contenant un motif Cx,C. Une protéine recombinante
correspondant au domaine TRX présente une activité réductase in vitro (Lennartz et al., 2001;
Motohashi and Hisabori, 2006). Les cibles connues de cette réductase sont la sous-unité N du
PSI (psaN) ainsi que 1’holo-cytochrome f faisant partie du complexe cytochrome b6f (Hisabori et
al., 2005; Motohashi et al., 2009). La capacité d’interagir avec I’oxydase LTOI suggere
qu’HCF164 pourrait assurer I’isomérisation de ponts disulfure de protéines dont le repliement

structural est non conforme au niveau du lumen des thylakoides (Lu et al., 2015).
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Présentation et objectifs du sujet de these
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Cette thése a ¢été effectuée au sein de I’équipe Réponse aux stress et régulation redox de ’'UMR
1136 « Interactions Arbres Micro-organismes » Université de Lorraine-INRA. Un des objectifs
de ce laboratoire est de comprendre dans un contexte de changement climatique global les
interactions des plantes avec leur environnement, et notamment les mécanismes de défense des
organismes végétaux en réponse a des stress abiotiques ou biotiques. Ma thése s’inscrit plus
particulicrement dans le projet MetOx (Identification de nouvelles fonctions régulées par des
métaux ou par des processus redox chez les plantes) financé par le Labex ARBRE (Advanced
Research on the Biology of Tree and Forest Ecosystems). L’objectif de ce projet est de
caractériser des protéines possédant un ou plusieurs motifs Cx,C conservés et dont la fonction
est inconnue ou peu caractérisée chez deux plantes modeles Arabidopsis thaliana et Populus
trichocarpa. En effet les protéines comportant un ou plusieurs motifs Cx,C ont la capacité
d’intervenir dans différents processus d’échanges dits dithiol/disulfure mais également dans la
coordination d’ions métalliques seuls ou présents au sein de cofacteurs tels que les hémes de type
c et les centres Fe-S. Le travail mené lors de ce doctorat a porté sur trois grands axes de
recherche: (1) un axe rédoxines qui a eu pour but de caractériser d’un point de vue biochimique
la glutarédoxine chloroplastique de classe II d’A. thaliana (AtGRXS16); ( i1 ) un axe orienté sur
la coordination des centres Fe-S qui a permis de mettre en évidence de maniere surprenante la
capacité des TRX ol et 02 d’A. thaliana a coordonner un centre 4Fe-4S; et enfin, ( iii ) un axe
oxydase qui par I’intermédiaire d’approches fonctionnelle et biochimique nous a permis de

mettre en lumiere la spécificité du systeme MIA40/ERV1 chez A. thaliana.
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Dans ce chapitre de méthodes, nous avons fourni des protocoles détaillés pour la caractérisation
des propriétés redox (pka des cystéines, potentiel redox d’un pont disulfure et analyse de la

sensibilité d’oxydoréductases a la réduction/oxydation par alkylation) de protéines comportant
des cystéines réactives, telles que celles étudiées au cours de cette thése.
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Chapter 4

In Vitro Alkylation Methods for Assessing the Protein
Redox State

Flavien Zannini, Jeremy Couturier, Olivier Keech, and Nicolas Rouhier

Abstract

Cysteines are important residues for protein structure, function, and regulation. Owing to their modified
reactivity, some cysteines can undergo very diverse redox posttranslational modifications, including the
reversible formation of disulfide bonds, a widespread protein regulatory process as well exemplified in plant
chloroplasts for Calvin-Benson cycle enzymes. Both core- and peripheral-photorespiratory enzymes possess
conserved cysteines, some of which have been identified as being subject to oxidative modifications. This is
not surprising considering their presence in subcellular compartments where the production of reactive
species can be important. However, in most cases, the types of modifications and their biochemical effect on
protein activity have not been validated, meaning that the possible impact of these modifications in a
complex physiological context, such as photorespiration, remains obscure.

We here describe a detailed set of protocols for alkylation methods that have been used so far to (1) study
the protein cysteine redox state either in vitro by submitting purified recombinant proteins to reducing/
oxidation treatments or in vivo by western blots on protein extracts from plants subject to environmental
constraints, and its dependency on the two major reducing systems in the cell, i.e., the thioredoxin and
glutathione /glutaredoxin systems, and (2) determine two key redox parameters, i.e., the cysteine pK, and
the redox midpoint potential.

Key words Alkylation, Cysteine, Oxidative modification, pK,, Redox potential

1 Introduction

Cysteine (Cys) is one of the least abundant amino acids in proteins;
however, it is very important for protein structure and function
being for instance found in protein active sites and/or subject to
co- or posttranslational modifications including lipidation (preny-
lation or palmitoylation) but also disulfide bond formation, glu-
tathionylation or nitrosylation to only cite the major ones. In
specific protein environments, e.g., in active sites, the pK, of
some cysteine residues is decreased towards acidic values compared
to the pK, ~ 8.3 of free cysteines [1]. Thus, under certain physio-
logical conditions, e.g., around neutral pH, the more reactive
thiolate (S7) form will predominate as compared to the thiol

Alisdair R. Fernie et al. (eds.), Photorespiration: Methods and Protocols, Methods in Molecular Biology, vol. 1653,
DOI 10.1007/978-1-4939-7225-8_4, © Springer Science+Business Media LLC 2017
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(SH) form. On the other hand, such a chemical property implies
that these residues are usually more sensitive to oxidative modifica-
tions. Hence, in subcellular compartments or under specific condi-
tions, the cysteine residues will be oxidized by various types of
molecules/agents leading notably to the formation of sulfenic
acids (SOH), disulfide bonds (S-S), and glutathionylated (S-SG)
or nitrosylated (S—-NO) forms [2]. All these aforementioned post-
translational modifications are reversible, mostly through the action
of the thioredoxin (TRX) and /or glutathione (GSH) /glutaredoxin
(GRX) reducing systems. If not condensed with another cysteine,
e.g., in the absence of a vicinal thiol group or a reductant, sulfenic
acids may eventually be irreversibly oxidized to sulfinic (SO,H) and
sulfonic (SO3H) acids. The only documented case of sulfinic acid
reduction concerns the ATP- and Mg®*-dependent reduction of
sulfinylated peroxiredoxins catalyzed by sulfiredoxins [3]. Depend-
ing on the physiological context, the oxidative modification of
cysteine residues may have diverse impacts on protein function,
for which many examples of protein activation or inactivation
have been reported. A well-documented example of redox regula-
tion concerns the Calvin-Benson cycle enzymes that are activated
by light and incidentally by the ferredoxin/ferredoxin-thioredoxin
reductase /TRX system, through dithiol-disulfide exchanges [4].
Besides these regulatory mechanisms, a transient and reversible
inactivation by oxidation can also be seen as a protective mechanism
preventing irreversible protein over-oxidation.

A targeted in vitro approach to study cysteine sensitivity to
oxidation within a given protein is to perform cysteine alkylation
using maleimide-containing reagents, which specifically bind thiol
groups. The cysteine derivatization will result in a mobility shift on
nonreducing SDS-PAGE that is dependent on the number of
cysteines oxidized. One of the first compounds used was the 4-
acetamido-4’-maleimidylstilbene-2,2'-disulfonic ~ acid  (AMS),
which induced an electrophoretic migration shift of ~0.5 kDa per
free thiol group [5-7]. However, as this was sometimes insufficient
for separating a mixture of different species, especially for proteins
with a high molecular weight, it has sometimes been replaced by
maleimides linked to polymers, such as polyethylene glycol (PEG)
of different sizes ranging generally from 1 to 30 kDa [8, 9]. The
drawback of these PEG-maleimide compounds is that PEG poly-
merization likely generates a heterogeneous mixture that often
results in broad bands on SDS-PAGE. Moreover, the fact that
these polymers are not charged prevents linear mobility shifts on
SDS-PAGE. Therefore, researchers in both academic and industrial
settings have developed chemically synthesized maleimide probes
coupled to peptides [10] or nucleic acids [11].

Such an alkylation method can be used with both recombinant
proteins and protein extracts, under the condition that a specific
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antibody is available for the western blot detection. Besides evaluat-
ing the sensitivity of a given protein to a specific oxidative condition,
this method also has the ability to determine which of the TRX or
GSH/GRX systems can reduce a given oxidized form [9, 12]. Using
protein extracts made from plants grown under specific controlled
conditions, this method enables the assessment of changes in the
levels of oxidation over time-course experiments, and is partially
quantitative. That being said, without using chemicals specific to a
given modification in tandem with mass spectrometry analyses, this
method will neither indicate the type(s) of modification, nor the
identity of which cysteine(s) is/are modified. The method described
here has been successfully and elegantly tested for detecting the
activation of Calvin-Benson cycle enzymes in response to various
light intensities and /or in specific genetic backgrounds as #7x knock-
out plants [13].

By analyzing the lists of potential redox-regulated proteins
identified by large-scale redox proteomic analyses, we recently
pointed to the fact that nearly all photorespiratory enzymes from
the canonical pathway, as well as most of the known photorespira-
tion-associated enzymes, may be subject to redox regulation, even
though the type of modifications and the effect on activity have in
fact almost never been investigated [14]. Hence, we describe here
three complementary methods that aim at assessing the cysteine
redox properties and redox states into a protein of interest. The first
method describes the analysis of a protein redox state, which can be
applied both in vitro and in vivo by anyone interested in the
regulation of the activity of photorespiratory enzymes and of course
of any other protein susceptible to redox regulation. The two other
in vitro methods also rely on cysteine alkylation and allow deter-
mining cysteine pK, and the redox midpoint potential of protein
disulfides.

2 Materials

2.1 Required
Instrumentation

2.2 Buffers and
Solutions

2.2.1 Compound
Solubility for Stock
Solutions

Bench size shaker, benchtop centrifuge, dialysis membrane tubing
and/or desalting columns, fluorometer, gel electrophoresis system,
power supplier, UV-visible spectrophotometer.

Stock solutions of hydrogen peroxide (H,0O,), iodoacetamide
(IAM), reduced glutathione (GSH), oxidized glutathione
(GSSQ), nitrosoglutathione (GSNO), 1,4-dithiothreitol (DTT,.4),
trans-4,5-dihydroxy-1,2-dithiane (DTT,,), tris(2-carboxyethyl)
phosphine hydrochloride (TCEP), and trichloroacetic acid
(TCA) are prepared in distilled or Milli-Q water. For GSH,
GSSG, and GSNO solutions, the pH has to be readjusted to
pH 7.0 or 8.0 using sodium hydroxide. Stock solutions of
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2.2.2 Preparation

of pH 2.0-10.0 Buffers
for the Determination of
Cysteine pK,

2.2.3 Other Solutions

5-iodoacetamidofluorescein (fluo-IAM), of monobromobimane
(mBBr) and of 5,5’-dithiobis-(2-nitrobenzoic Acid) (DTNB) are
prepared, respectively, at 9.7 mM in dimethylsulfoxide (DMSO), at
73 mM in acetonitrile and at 10 to 20 mM in ethanol.

1. 100 mM Citrate buffers between pH 2.0 and 6.0 are prepared
by mixing 100 mM citric acid and sodium citrate solutions.

2. 100 mM Phosphate buffers between pH 6.5 and 8.0 are
prepared by mixing 100 mM potassium phosphate monobasic
and dibasic solutions.

3. 100 mM Borate buffers between pH 8.5 and 10.0 are prepared
by mixing 100 mM boric acid and potassium chloride solutions
and by adjusting pH with sodium or potassium hydroxide
100 mM.

1. Alkylation solution: 100 mM Tris-HCl pH 8.0, 1% SDS, 2 mM
alkylating agent (maleimide polyethylene glycol of 2 kDa
(2 kDa mPEG-maleimide) or 4-acetamido-4'-maleimidylstil-
bene-2,2'-disulfonic acid (AMS)).

2. 2x Non-reducing Laemmli buffer: 120 mM Tris-HCl pH 6.8,
4% sodium dodecyl sulfate (SDS), 20% glycerol, and 0.02%
(w/v) bromophenol blue.

3 Methods

3.1 Examination

of the Cysteine Redox
State and
Susceptibility to
Oxidative Treatments

3.1.1 Reducing
Treatment

All procedures can be carried out at room temperature unless
otherwise stated.

The Ellman’s reagent (DTNB) is often used to examine the number
of free thiol groups of a purified recombinant protein subject to
oxidative treatments. However, this titration is often hampered or
imprecise when there is a high number of cysteines. Moreover, the
interpretation can be made difficult when disulfide-linked oligo-
mers are formed because the results are expressed as moles of SH
per moles of monomer. The alkylation method described here
associated to SDS-PAGE separation constitutes a good comple-
ment, giving access in particular to the oligomerization state of
the protein. Moreover such an approach can also be employed to
evaluate the capacity of known oxidoreductases to reduce or oxi-
dize the protein of interest. Before studying the sensitivity of a
protein towards different oxidative compounds, a prerequisite is
to obtain a completely reduced protein. Procedures for reduction,
oxidation, and alkylation of the target proteins are described below
together with a case example.

1. Add a tenfold molar excess of reductant (DTT,.q or TCEP) to
the purified recombinant protein (see Note 1).
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3.1.2 Oxidizing
Treatment

3.1.3 Protein Alkylation
for SDS-PAGE Analysis

3.1.4 Possible Result
Obtained Upon Oxidative
Treatment of a Protein of
12 kDa with a Single
Cysteine
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2. Incubate for 30 min (see Note 2).

3. Dialyze the protein against the desired buffer using membrane
tubing or small desalting columns, preferentially at 4 °C (see
Note 3).

1. Add a fivefold molar excess of oxidizing reagents (GSSG,
GSNO, H,0,, DTT,) to the pre-reduced sample (sec Note 4).

2. Incubate for 2 h (see Note 5).

3. Dialyze the protein against the desired buffer using membrane
tubing or small desalting columns, preferentially at 4 °C
(optional, see Note 6).

1. Add 50 pL of 20% TCA to 50 pL of sample containing 5-10 pg
of protein (either untreated, oxidized, or reduced) (see Notes 7
and 8).

2. Gently mix by inverting the tube several times and place on ice
for 15 min.

3. Centrifuge for 10 min at 12,100 X gin a benchtop centrifuge.

. Remove carefully and discard the supernatant (sec Note 9).

R

. Wash the pellet with 100% acetone kept at —20 °C without
resuspending it and centrifuge for 10 min at 12,100 x g.

. Remove carefully and discard the supernatant (sec Note 9).

. Dry the pellet at ambient air for 5 min (se¢ Note 10).

. Add 10 pL of alkylation solution (see Note 11).

. Gently shake for 15 min at room temperature (see Note 12).
10. Add 10 pL of 2 x non-reducing Laemmli buffer (sec Note 13).

11. At this step, samples can be stored at —25 °C or subject to a
non-reducing SDS-PAGE (see Notes 14-16).

O 0 N O

Firstly, it is important to verify that the oxidation/reduction of a
protein does not impact per se its mobility on non-reducing SDS-
PAGE, which might be the case when it induces conformational
rearrangements as observed for glutathione peroxidase-like pro-
teins [15]. Secondly, it is strongly advised to include controls for
fully reduced and fully oxidized (if possible) proteins, which will
give both extremities of the scale, as long as there is no disulfide-
linked oligomer. In addition to delimiting the extremities of the
scale, having alkylated and non-alkylated reduced proteins on the
same gel allows in principle to control that there is no atypical shift
relatively to the expected number of cysteines. For instance, we
observed previously that treating a recombinant poplar TRX z
possessing two cysteines with the 2 kDa mPEG maleimide gener-
ated a shift of 15 kDa instead of 4 kDa [8].
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3.2 Estimation of
Cysteine pK,

3.2.1 Protein Alkylation
for SDS-PAGE Analysis

25 kDa |
20 kDa = —_— <— ox (dimer)
15 kDa <« red

..--- <— ox (monomer)

10 kDa
o o S O O
& & &P o
Qp Qp é@ (C3 (€3
<> N
Alkylation

Fig. 1 Protein sensitivity to oxidative treatments. Around 5 pg of pre-reduced,
untreated, or oxidized proteins obtained after 2-h oxidative treatments with
GSSG or GSNO were alkylated with 2 kDa mPEG maleimide prior to separation
on non-reducing SDS—PAGE [9]

Afterwards, one can indeed compare reduced, untreated, and
oxidized proteins. In the example shown in Fig. 1, the absence of
shift at the level of the monomer upon GSSG or GSNO treatments
is interpreted here as GSSG or GSNO oxidizing the cysteine, with
GSSG also promoting the formation of a dimer linked by an inter-
molecular disulfide. The untreated protein is mostly present as a
reduced monomer with a small proportion of disulfide-linked
dimer. The fact that this band is also seen in the non-alkylated
reduced protein but not in the alkylated reduced protein suggests
that some oxidation of the untreated protein occurred during
sample preparation/migration, as explained in Note 14.

The pK, of cysteines into proteins is influenced by several factors, in
particular their amino acid environment. Considering that thiolates
are more reactive than thiols, measuring this parameter will give
clue about their capacity to act or not as a nucleophile in a thiol-
disulfide exchange reaction or to be susceptible to oxidation.
Determining the p K, value of cysteine residues using this method
can be done only with proteins possessing a single cysteine or
eventually two cysteines with sufficiently different pK,.

1. Incubate around 10 pM of pre-reduced protein (see Subhead-
ing 3.1.1) with a 100-fold excess IAM for 15 min under gentle
stirring in bufters ranging from pH 2.0 to 10.0 (every 0.5 unit
for precision) in a final volume of 50 pL (se¢ Notes 17 and 18).
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3.2.2 Protein Alkylation
for Fluorescence Detection

3.2.3 Possible Result
Obtained for a Protein of
12 kDa with a Single
Cysteine and Interpretation
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2. Add 50 pL of 20% TCA to 50 pL of reaction mixture.

N Ul W N

. The following steps are similar to steps 2—-11 of Subheading

3.1.3.

. Incubate around 10 pM of pre-reduced protein (see Subhead-

ing 3.1.1) with a 20-fold excess of fluo-IAM for 15 min in the
dark under gentle stirring in buffers of different pHs (every 0.5
unit for precision) in a final volume of 200 pL (se¢ Notes 17
and 18).

. Add 200 pL of 20% TCA to 200 pL of reaction mixture.

. Place on ice for 15 min in the dark (sec Note 19).

. Centrifuge for 10 min at 12,100 X gin a benchtop centrifuge.
. Remove carefully and discard the supernatant (see Note 9).

. Wash the pellet with 100% acetone kept at —20 °C and centri-

fuge for 10 min at 12,100 x g.

7. Remove carefully and discard the supernatant (see Note 9).

. Dry the pellet at ambient air for 5 min in the dark (se¢ Note

19).

. Add 400 pL of 100 mM Tris—HCI pH 8.0 and 1% SDS.
10.
11.

Gently shake for 15 min at room temperature (sec Note 12).

Measure the fluorescence emission of the resulting solution at
515 nm after excitation at 492 nm (se¢ Note 20).

The TIAM specifically binds to deprotonated (i.e., thiolate forms)
but not to protonated (i.e., thiol forms) cysteines. Hence,
subsequent alkylation will only happen on thiol forms. This can
be visualized on non-reducing SDS-PAGE by a retarded migration
when the cysteine is in a thiol form (Fig. 2a). By performing
alkylation at different pHs, the cysteine pK, can be approximately
determined (in this example around 7.5) as the pH value where

A kDa B 100 4 e
25 |-
20/ = o 807 Y
15 thiol 5 60
10| ] -1
10 \thiolate 5 401
2
253 354 455 556 657 7.58 85 9 20 1
H 0 : : . .
p 5 6 7 8 9
pH

Fig. 2 pK, determination of cysteine sulfhydryl group. This was done either by coupling reaction with a
nonfluorescent alkylating reagent and protein separation on SDS-PAGE (a) or by measuring fluorescence after
reaction with a fluorescent alkylating reagent ()
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3.3 Determination of
the Redox Midpoint
Potential of a
Reversible Oxidative
Modification

3.3.1 Protein Alkylation
for SDS-PAGE Analysis

3.3.2  Protein Alkylation
for Fluorescence Detection

50% of each form is encountered. Performing similar experiment by
using fluo-IAM enables a more precise determination of the pK,
value (Fig. 2b). The fluorescence intensity is proportional to the
quantity of cysteine under thiolate form. In this example, fitting the
datatothe followingnonlinear regression 7= Bottom + (Top — Bot-
tom)/(1 + 10"((LoglC50 — X x HillSlope)) gives a pK,, value of
7.6 which is comparable to the value deduced with nonfluorescent

IAM.

Measuring the redox midpoint potential will give clue about the
capacity of a species to accept or donate electrons which in the case
of a dithiol-disulfide couple translates into the capacity to be oxi-
dized or reduced. Since a single protein can undergo several redox
modifications involving the same or different cysteines and unless
the redox potentials of two modifications found in a given protein
are enough different to be distinguished, it is important to start
with a homogenous oxidized protein sample, i.e., with a large
majority having the same oxidative modification. In the absence
of indication about the midpoint potential of the redox modifica-
tion, it is worth trying either glutathione or DTT to generate
reference redox potentials because they cover a different range
from —100 mV to —250 mV and from —220 mV to —400 mV,
respectively.

1. Incubate around 10 pM of oxidized protein in 100 mM
HEPES pH 7.0 for 2 h in 50 pL reaction mixtures adjusted
to different redox potentials by varying ratios between oxidized
and reduced DTT or glutathione at a final concentration of
2 mM (see Tables 1 and 2) (see Notes 21 and 22).

2. The following steps are similar to steps 2—-11 of Subheading
3.1.3.

1. Incubate around 10 pM of oxidized protein in 100 mM
HEPES pH 7.0 for 2 h in 200 pL reaction mixtures adjusted
to different redox potentials by varying ratios between oxidized
and reduced DTT or glutathione (see Tables 1 and 2) (see Notes
22 and 23).

2. Add mBBr to a final concentration of 2.5 mM and incubate for
a further 20 min in the dark (se¢ Notes 19 and 24).

3. The following steps are similar to steps 2—10 of Subheading
3.2.2.

4. Measure the fluorescence emission of the resulting solution at
472 nm after an excitation at 380 nm (see Note 25).
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Redox potentials obtained by mixing DTT,,/DTT,.q solutions

Redox
DTTox DTT,eq Final Final Final Ratio potential
2mM (uL) 2 mM (ulL) volume (uL) [DTT,,] (MM) [DTT,eq] (MM) [DTT,,J/[DTT,eq] Ep (MmV)
499.88 0.12 500 1.99952 0.00048 4166 —220
499.74 0.26 500 1.99896 0.00104 1922 —230
499 .43 0.57 500 1.99772 0.00228 876 —240
498.76 1.24 500 1.99504 0.00496 402 —250
497.3 2.7 500 1.98920 0.00108 184 —260
494.16 5.84 500 1.97664 0.02336 85 —-270
487 .45 12.55 500 1.94980 0.05020 39 —280
473.45 26.55 500 1.89380 0.10620 18 —-290
445.57 54.43 500 1.78228 0.21772 8 —300
394.9 105.1 500 1.57960 0.42040 4 —-310
316.5 183.5 500 1.26600 0.73400 2 —320
220.93 279.07 500 0.88372 1.11628 0.8 —330
113.27 386.73 500 0.45308 1.54692 0.29 —343
71.48 428.52 500 0.28592 1.71408 0.16 —350
35.57 464.43 500 0.14228 1.85772 0.077 —360
16.97 483.03 500 0.06788 1.93212 0.035 —370
7.94 492.06 500 0.03176 1.96824 0.016 —380
3.67 496.33 500 0.01468 1.98532 0.007 -390
1.69 498.31 500 0.00676 1.99324 0.003 —400

The 2 mM oxidized and reduced DTT solutions are prepared in 100 mM HEPES pH 7.0
Calculations were made accordingly to the Nernst equation by taking an E,, value for the DTT,,/DTT,.q couple of

—327 mVatpH 7.0

3.3.3 Possible Result
Obtained for a Protein of
~20 kDa with Two
Cysteines Forming an
Intramolecular Disulfide
Bridge and Interpretation

Using the SDS-PAGE analysis, the redox midpoint potential of the
intramolecular disulfide, i.c., the value where there is 50% of
reduced forms and 50% of oxidized forms, can be roughly esti-
mated to be between —290 mV and —300 mV (Fig. 3A). For the
same protein, the use of mBBr allows to calculate a redox midpoint
potential of =298 £ 1 mV at pH 7.0 (Fig. 3B) after fitting fluores-
cence variations as a function of Ej, values using the following
nonlinear regression: 7 = Bottom + (Top — Bottom)/(1 + 10"
((LoglC50 — X x HillSlope)).
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Table 2
Redox potentials obtained by mixing GSH and GSSG solutions

Final Redox
GSSG GSH volume  Final Final Ratio potential
2mM (L) 2mM(uL) (pb) [GSSG] (mM)  [GSH] (mM)  [GSSG]/[GSH]>  E, (mV)
454.8 45.2 500 1.8192 0.1808 55,652 —100
434.7 65.3 500 1.7388 0.2612 25,486 —110
406.7 93.3 500 1.6268 0.3732 11,680 —120
368.8 131.2 500 1.4752 0.5248 5356 —130
319.6 180.4 500 1.2784 0.7216 2455 —140
259.7 240.3 500 1.0388 0.9612 1124 —150
193.5 306.5 500 0.7740 1.2260 515 —160
129.5 370.5 500 0.5180 1.4820 236 —-170
77.3 422.7 500 0.3092 1.6908 108 —180
41.6 458.4 500 0.1664 1.8336 49.5 —-190
20.8 479.2 500 0.0832 1.9168 22.6 —200
9.98 490.02 500 0.0399 1.9601 10.4 —-210
4.7 495.3 500 0.0188 1.9812 4.8 —220
2.2 497.8 500 0.0088 1.9912 2.2 —230
0.996 499.004 500 0.0040 1.9960 1 —240
0.457 499.543 500 0.0018 1.9982 0.46 —250

The 2 mM GSH and GSSG solutions are prepared in 100 mM HEPES pH 7.0
Calculations were made accordingly to the Nernst equation by taking an E,, value for the GSSG/GSH couple of
—240 mVatpH 7.0
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Fig. 3 Determination of the redox midpoint potential of a disulfide bond. This was done by alkylation with
2 kDa mPEG-maleimide and separation on SDS-PAGE (A) or by alkylation with mBBr (B). The 0% and 100%
reduced indicate the proportion of reduced proteins and correspond to the minimum and maximum values of
fluorescence, respectively
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4 Notes

11.

. The procedures for producing and puritying recombinant pro-

teins are out of the scope and will not be detailed here.

. This time can be increased for proteins, the disulfides of which

are more recalcitrant to reduction by DTT or TCEP.

. While desalting columns are all more or less equivalent, the

membrane tubing exists in different diameters and more
importantly pore sizes that you have to adapt depending on
the molecular weight of the protein of interest. Desalting
columns are preferable because it is more rapid which thus
could avoid reoxidation that might occur upon removal of
the reductant.

. Performing experiments by varying the ratio between concen-

trations of protein and oxidizing agents allows evaluating and
comparing protein sensitivity to these agents.

. Performing time-course experiments by varying the incubation

time allows evaluating and comparing protein sensitivity to
oxidizing agents.

. The chemical treatment of the proteins (oxidation or reduc-

tion) before alkylation can be performed without subsequent
dialysis as TCA specifically precipitates proteins but not chemi-
cal reagents that remain in the supernatant after centrifugation.
In the case where proteins are initially reduced for the
subsequent examination of their sensitivity to oxidizing
reagents, they have to be dialyzed.

. Any sample /TCA combination which leads to a final 10% TCA

solution should be fine.

. It is worth noting that a similar alkylation procedure can be

applied to a cellular protein extract by starting at this step. The
preparation of this extract will not be detailed here but it has to
be done in the presence of the alkylating agent to avoid mod-
ifications of the redox state of the proteins occurring during
sample preparation. If the samples do not have to be concen-
trated, TCA precipitation can eventually be replaced by a dena-
turation step with buffers containing 8 M urea or 6 M
guanidine-HCI. By this approach, you can then directly pro-
ceed to step 9.

. When removing the supernatant, do not touch the pellet.

. It is important to remove all acetone traces before resuspend-

ing pellets of precipitated proteins to avoid subsequent pertur-
bation of protein migration.

The molecular weight and the number of cysteine residues
present in the protein of interest can influence the choice of
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12.

13.

14.

15.

16.

17.

18.

19.

20.

the alkylating reagent. Companies usually offer a large panel of
mPEG maleimide compounds with variable molecular weight
(1-30 kDa) which might be very convenient. That said, the fact
that it generates broad bands on SDS-PAGE may prevent the
separation between reduced and oxidized forms particularly for
proteins with high molecular weights. In this case, DNA-
maleimide forms are certainly more adapted since it gives
more focused bands on SDS-PAGE and one currently com-
mercialized version generates shift around 15 kDa per cysteine.
Finally, despite generating a smaller migration shift (0.5 kDa),
AMS may still be preferred for small-molecular-weight proteins
because bands remain focused and in the same gel area.

Alternatively, after adding the alkylation solution, vortex for
several seconds and wait for 15 min.

Any sample /Laemmli buffer combination which leads to a 1x
final concentration is fine.

Oxidation of non-alkylated samples can take place during
migration since it is performed in non-reducing conditions.

Prior to efficient protein separation, you have to adapt the type
and the percentage of acrylamide of your gel to maximize
separation in the molecular weight range of interest. Hence,
for proteins smaller than 25 kDa, a Tricine gel may be required,
whereas for bigger proteins, standard 15% acrylamide glycine
SDS-PAGE may be sufficient to separate protein bands.

Depending on whether the experiment has been done with
recombinant protein or protein extract, protein bands can be
detected by Coomassie blue staining or by Western blotting
with specific antibody, respectively.

For recombinant proteins, the concentration used has to be
adapted according to its size to avoid using more than 10 pg of
protein. Indeed, using a too important protein amount may
prevent an efficient separation on SDS-PAGE.

For protein with multiple cysteines, it is usually necessary to
perform site-directed mutagenesis to generate protein variants
with a single cysteine.

As fluorescent alkylating reagents such as fluo-IAM and mBBr
are photolabile, it is important to protect the reaction mixture
from light.

Fluorescence emission of alkylating reagents depends on pH.
In order to make accurate pK, determinations, it is absolutely
necessary to precipitate and resuspend protein samples in the
same buffer to make sure that differences in fluorescence values
are related to the thiol/thiolate state of cysteine residue and
not to the pH value of initial solutions used for incubation.
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A 2-h incubation time is often sufficient to reach equilibration
but you can increase this time up to 4 h. In some cases, owing
to the fact that the formation of a disulfide bond can sometimes
induce a large conformational rearrangement, the two oxida-
tion states can be visualized on a non-reducing SDS-PAGE
without alkylation step. In contrast with the determination of
pK, value of cysteine residues, the presence of additional
cysteines should not interfere if their redox state does not
change along the incubation period.

Higher concentrations (for example 5 mM) of both oxidizing
and reducing reagents can be used. It is necessary to recalculate
the corresponding redox potential of each reaction mixture
accordingly.

Redox potentials depend on pH value. Similar experiments can
be performed at different pH but it will be necessary to employ
different buffers and to recalculate the corresponding redox
potentials of each reaction mixture accordingly. By doing mea-
surements at different pHs, you can determine from the slope
(either ~30 or ~60 mV pH /unit) whether the two-electron
reduction process is accompanied by the uptake of one or of
two protons over a given pH range.

mBBr reacts with all thiol groups, both from the protein cyste-
ine residues and from the reducing agent. Hence, the final
mBBr concentration has to be adapted to be slightly higher
than to the total concentration of thiol groups present in the
reaction mixture.

Measure first the fluorescence emission of the most reduced
sample (i.e., incubated in the solution with the lowest redox
potential) to determine whether the excitation intensity used is
adequate and does not lead to signal saturation.
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L’étude de protéines possédant un repliement TRX représente un des themes de recherche
principaux de notre laboratoire. Si les caractéristiques biochimiques des GRXs de classe | sont
relativement bien documentées, celles des GRXs de classe Il et plus particulierement leur activité
oxydoréductase le sont beaucoup moins. Cette étude avait pour objectif de caractériser
biochimiquement 1’isoforme chloroplastique de classe I, GRXS16 chez A. thaliana
(AtGRXS16). Cette isoforme présente la particularité de posséder un domaine endonucléase en
position N-terminale et un domaine GRX en position C-terminale. La protéine recombinante
correspondante ainsi que des variants pour les différentes cystéines (simple et double mutants
cystéiniques) ont été purifiés afin de caractériser les propriétés redox de cette isoforme. Les
résultats obtenus démontrent la formation d’un pont disulfure entre les deux cystéines du
domaine GRX aprés traitement avec des formes oxydées du glutathion, GSSG et GSNO. Le
potentiel redox de ce pont disulfure (ca - 300 mV a pH 7.0) est cohérent avec un mode de
réduction impliquant le systéme TRX et non le systeme GSH. Cette étude suggére donc que 1’état
redox de cette protéine pourrait étre controlé par la lumiére via la chaine d’électrons

photosynthétique et le systeme FTR/TRX.
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ARTICLE INFO ABSTRACT

Keywords: Background: Glutaredoxins (GRXs) are oxidoreductases involved in diverse cellular processes through their
Chloroplast capacity to reduce glutathionylated proteins and/or to coordinate iron-sulfur (Fe-S) clusters. Among class II
Disulfide bond GRXs, the plant-specific GRXS16 is a bimodular protein formed by an N-terminal endonuclease domain fused to
Glutaredoxin a GRX domain containing a **CGFS signature.

?ﬁ?;’;;si;ﬁatmn Methods: The biochemical properties (redox activity, sensitivity to oxidation, pK, of cysteine residues, midpoint

redox potential) of Arabidopsis thaliana GRXS16 were investigated by coupling oxidative treatments to alkylation
shift assays, activity measurements and mass spectrometry analyses.

Results: Activity measurements using redox-sensitive GFP2 (roGFP2) as target protein did not reveal any sig-
nificant glutathione-dependent reductase activity of A. thaliana GRXS16 whereas it was able to catalyze the
oxidation of roGFP2 in the presence of glutathione disulfide. Accordingly, Arabidopsis GRXS16 reacted effi-
ciently with oxidized forms of glutathione, leading to the formation of an intramolecular disulfide between
Cys'®® and the semi-conserved Cys>!'®, which has a midpoint redox potential of - 298 mV at pH 7.0 and is reduced
by plastidial thioredoxins (TRXs) but not GSH. By promoting the formation of this disulfide, Cys*'®> modulates
GRXS16 oxidoreductase activity.

Conclusion: The reduction of AtGRXS16, which is mandatory for its oxidoreductase activity and the binding of
Fe-S clusters, depends on light through the plastidial FTR/TRX system. Hence, disulfide formation may con-
stitute a redox switch mechanism controlling GRXS16 function in response to day/night transition or oxidizing
conditions.

General significance: From the in vitro data obtained with roGFP2, one can postulate that GRXS16 would mediate
protein glutathionylation/oxidation in plastids but not their deglutathionylation.

1. Introduction

The formation and reduction of disulfide bonds constitute a major
post-translational modification modulating the activity of numerous
proteins. This modification is specifically referred to as glutathionyla-
tion when the disulfide is formed between the cysteines of a glutathione
(GSH) molecule and of a protein. Thioredoxins (TRXs) and glutar-
edoxins (GRXs) represent the two main reductase families controlling
these redox modifications [1]. Although sharing a similar structural
fold, they display different biochemical properties. First, numerous

GRXs have the ability to coordinate iron-sulfur (Fe-S) clusters whereas
TRXs usually do not [2,3]. Second, GRXs are rather specific to the re-
duction of glutathionylated proteins whereas TRXs are rather specia-
lized in the reduction of intra/intermolecular disulfide bonds or ni-
trosylated proteins. Third, they usually differ by their reduction system.
GRXs are mostly dependent on glutathione and the associated NADPH-
dependent glutathione-disulfide reductase (GR) whereas TRXs are re-
duced by NADPH- or ferredoxin (FDX)-thioredoxin reductases (NTRs or
FTRs) [4,5]. Nevertheless, crosstalk between both pathways is possible
since some GRXs can be recycled by TRX reductases [6-8] and some

Abbreviation list: DHA, dehydroascorbate; DTT, dithiothreitol; FTR, ferredoxin-thioredoxin reductase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GR,
glutathione-disulfide reductase; GRX, glutaredoxin; GSH, glutathione; GSNO, nitrosoglutathione; GSSG, glutathione disulfide; H,O,, hydrogen peroxide; HED, 2-
hydroxyethyl disulfide; IAM, iodoacetamide; mBBR, monobromobimane; NTR, NADPH-thioredoxin reductase; TRX, thioredoxin
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TRXs by GSH and/or GRX [9-11].

Among GRXs, there are also important variations, notably in the
domain organization and active site signatures which contain one
(CxxS), two (CCxx or CxxC) or three cysteine residues (CCxC) [1,12].
This situation is exacerbated in higher plants, where the GRX family
comprises 25 to 40 genes that group into four classes. Except members
of the class II GRX, which have an extremely conserved CGFS signature,
isoforms found in the other three classes possess a variable number of
cysteines in their signature [1]. The active site motifs and the number of
cysteines therein generate important differences in the activity profile
and regeneration mechanisms of these proteins. Indeed, GRXs having at
least two cysteines could employ a so-called dithiol mechanism for the
reduction of disulfide bridges, as catalyzed by TRXs [13]. The catalytic
cysteine forms a mixed disulfide with the target protein and the second
resolving cysteine releases the fully reduced target protein. On the
contrary, GRXs having a single cysteine or using only one of their cy-
steinyl residue to catalyze protein deglutathionylation use a so-called
monothiol mechanism [13]. In this case, the subsequent reduction of
the glutathionylated GRX intermediate formed after the first step ne-
cessitates a free GSH molecule. The complexity of possible thiol-dis-
ulfide exchange reactions is increased further by the presence of an
additional cysteine in the C-terminal region of some class I and II GRXs,
very often in a GGCD sequence, and which is situated in close proximity
to the active site in the mature protein (Fig. 1A) [14]. Thus, any GRX
possessing at least two of these cysteines may in principle exhibit a
reductase activity using a monothiol or a dithiol mechanism (Fig. 1B).
For instance, the class II (CGFS) isoform GRX3 of Chlamydomonas re-
inhardtii catalyzes the reduction of disulfide bonds on target proteins

A
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using a dithiol mechanism employing the C-terminal cysteine as a re-
solving cysteine [8]. This unusual disulfide is reduced by a light acti-
vation system comprising thylakoids, ferredoxin, and FTR. On the other
hand, numerous studies using class I GRXs possessing a CxxC signature
have shown that the second active site cysteine is dispensable for the
GSH-dependent reduction of glutathionylated substrates although it
does influence the reaction rate. This cysteine would determine the
glutathione specificity of the glutathionylated GRX reduction step [15]
or would slow down the reaction rate by forming an intramolecular
intermediate disulfide with the catalytic cysteine, adding thus two steps
in the catalytic mechanism [16]. Besides its requirement for the dithiol
mechanism, having a resolving cysteine may avoid a possible over-
oxidation in specific situations serving as a transient and reversible
protection mechanism [17].

In plants, biochemical characterization of class III and IV GRXs has
been precluded by the inability to purify intact soluble recombinant
proteins [18]. In contrast, class I and II GRXs have been extensively
studied. Depending on the organisms, the class I comprises 4 to 6
members. In Arabidopsis, members of this subfamily are named GRXC1
to GRXC5 (CxxC active site signature) and GRXS12 (CxxS active site
signature) [1]. Only GRXC1 and GRXC5 have the capacity to in-
corporate a [2Fe-2S] cluster [19,20]. However, all these isoforms have
quite comparable in vitro enzymatic capacity being notably able to re-
generate thiol peroxidases and methionine sulfoxide reductases
[5,14,17,19,21]. Hence, the reason why such a number of isoforms has
been maintained during evolution after duplication is likely related to
their expression pattern or subcellular localization rather than to their
activity [5].

v

PttGRXS12 91 NPVVVYSINT-———— WESYSSEVKSLEFKRLNVDPLVVELDELGAQGPQIQKVLERLTGQHTVPNVFIGGKHIGGCTDTVKLYRK EPLLS
PtaGRXC1l 21 APVVVES|SAT-——-—— Y@GYCNRVKQLLTQVGASYKVVELDELS-DGSQLOSALAHWTGRGTVPNVFIGGKQIGGCDTVVEKHQR! LPLLQ
CrGRX5 57 KASIAKDEGTPDSPQEGFSRMACVVLNAYGVQFGATNVL----SDAEVREGIKKFTSWPTIPQVEVNGEFIGGCDI LMGMHDK] EPLLE
AtGRXS15 76 NPVMIYMGVPESPQEGEFSSLAVRVLOQYNVPISSRNIL----EDQELKNAVKSFSHWPTFPQIFIKGEFIGGSDIILNMHKE EQKLK
ScGRX5 45 APVVLFMANGTPEFPKOGFSRATIGLLGNQGVDPAKFAAYNVL-EDPELREGIKEFSEWPTIPQLYVNKEFIGGCDVITSMARS ADLLE
AtGRXS14 82 EKVVLFMGTRDFPMOGEFSNTVVQILKNLNVPFEDVNIL--—--ENEMLRQGLKEYSNWPTFPQLYIGGEFFGGCDITLEAFKT OEEVE
CrGRX3 57 NKVVVEFMSGTRQFPMEGESNTVVQILNVMDVPYQTVNIL----EDDAIRSGMKEYSQWPTEFPQVYINGDFFGGCDIMMEAYQS KEQLE
AtGRXS16 143 SKVVAFIINGSRSAPQEGFSQRVVGILESQGVDYETVDVLDDE-YNHGLRETLKNYSNWPTFPQIFVKGELVGGCDILTSMYEN IANILN
CrGRX6 184 NPIVVFVINGTRQQOPQEGFSFRMINMLNTLKADFEVVNVLDEF-HNPGLRDAIKNYSQWPTIPQLYISGEFVGGADIAEQMVGT OTLVR
EcGRX4 15 NPILLYMNGSPKLPS[® QOLIK

GESAQAVQALAACGERFAYV---DIL-QNPDIRAELPKYANWPTEFPQLWVDGELVGGCDIVIEMYOQR
* *

Dithiol
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Fig. 1. Amino acid sequence comparison and catalytic mechanisms for the deglutathionylation activity of GRXs. A. Multiple sequence alignment of AtGRXS16 with
orthologs from several model organisms (At, Arabidopsis thaliana; Cr, Chlamydomonas reinhardtii; Ec, Escherichia coli; Pta, Populus tremula x alba; Ptt, Populus tremula x
tremuloides; Sc, Saccharomyces cerevisiae) using ClustalW. Strictly conserved residues are highlighted in black and other conservative residue changes are shown in
grey. The conserved C-terminal GGC motif and its cysteine are indicated by a continuous line and an arrow, respectively. The residues constituting the glutathione
scaffold site identified previously [38] are highlighted by stars. B. Monothiol and dithiol catalytic mechanisms. After reduction of the protein-glutathione adduct,
GRX becomes glutathionylated in all cases. In the monothiol mechanism, only the catalytic cysteine is needed as GRX is regenerated by another glutathione molecule.
In the dithiol mechanism, a resolving cysteine, which could be either the second active site cysteine or an extra active site cysteine, is responsible for the reduction of
the GRX glutathione adduct leading to the formation of an intramolecular disulfide bond. This disulfide can possibly be reduced by two molecules of GSH (1) or by a

TRX reductase (2).
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The class I GRX subgroup contains at least four members named
GRXS14 to GRXS17 in Arabidopsis. In most non-plant species, these
GRXs are involved in Fe-S cluster assembly but our knowledge about
the role of the respective plant isoforms remains scarce [2]. Indeed,
although all four plant proteins have the ability to incorporate an Fe-S
cluster [22-24], in vivo evidence for their involvement in the matura-
tion of Fe-S proteins has been only obtained for the mitochondrial
GRXS15 but not for the cytosolic GRXS17 and the plastidial GRXS14
and GRXS16 [23-27]. For all four GRXs it is possible that their phy-
siological function relies on a yet unknown oxidoreductase activity
and/or on their Fe-S cluster binding properties. The measurement of an
oxidoreductase activity may have been hampered by the fact that
classical activity assays are performed using a glutathione regeneration
system and small molecules such as 2-hydroxyethyl disulfide (HED) or
dehydroascorbate (DHA) but not or rarely with protein substrates.
Among in vitro evidence obtained so far, it was shown that Arabidopsis
GRXS17 and Chlamydomonas GRX3 are able to reduce oxidized forms of
BOLA2 and of a glutathionylated glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) respectively whereas Arabidopsis GRXS14 and
GRXS16 are able to reduce a glutathionylated SUFE1 although only
with low efficiency [8,28].

The natural fusion protein GRXS16 is unique to plants. It possesses
three cysteines, Cys®? in an N-terminal endonuclease domain, Cys'>® as
part of the characteristic CGFS motif and Cys?'® in the C-terminal GGCD
motif. A previous study suggested that formation of an intramolecular
Cys®2-Cys'®® disulfide bridge controlled the endonuclease activity of the
protein [29]. Here, we have investigated the biochemical properties of
A. thaliana GRXS16 demonstrating that it is efficiently oxidized by
GSSG and GSNO but not by H,0,. The oxidation leads to formation of
an intramolecular Cys'>8-Cys®'® disulfide, which enables the protein to
catalyze oxidation reaction. The low redox potential measured is con-
sistent with the observed reduction by plastidial TRXs but not by GSH.
Therefore, the activity and Fe-S cluster binding capacity of GRXS16
may be controlled by light via the FTR-TRX system.

2. Experimental
2.1. Cloning and site-directed mutagenesis

The cloning of A. thaliana GRXS16 in the pET3d expression plasmid
was described previously [22]. All cysteines were individually sub-
stituted into serines by site-directed mutagenesis by primer extension
using two complementary mutagenic primers. In a first round of PCR,
two fragments with overlapping ends are generated by using GRXS16
forward and mutagenic reverse primers and GRXS16 reverse and mu-
tagenic forward primers, respectively. For the second round of PCR,
these fragments were mixed with GRXS16 forward and reverse primers
added after 10 PCR cycles to obtain the final product with the desired
mutation. The corresponding variants were named GRXS16 C62S,
C158S and C215S and used to mutate a second cysteine in order to
generate C62S/C158S, C62S/C215S and C158S/C215S variants. All
primers used in this study are listed in Supplementary Table 1.

2.2. Heterologous expression in E. coli and purification of recombinant
proteins

For protein production, the E. coli BL21 (DE3) strain, containing the
PSBET plasmid, was co-transformed with recombinant pET3d plasmids.
Cultures were progressively amplified up to 2.41in LB medium at 37 °C
supplemented with 50 ug/ml of ampicillin and kanamycin. Protein ex-
pression was induced at exponential phase by adding 100 uM isopropyl
B-D-thiogalactopyranoside either for 4 h at 37 °C for expressing GRXS16
or for 16 h at 20 °C for expressing GRXS16 variants. After centrifugation
(20 min at 6238g), the cell pellets were resuspended in about 20 ml of
TE NaCl (30 mM Tris-HCl pH8.0, 1 mM EDTA, 200 mM NaCl) and
conserved at — 20 °C. Cell lysis was performed by sonication (3 X 1 min
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with intervals of 1 min) and the soluble and insoluble fractions were
separated by centrifugation for 30 min at 27,216g and at 4 °C.

The soluble fraction was first precipitated by ammonium sulfate
from 0 to 40% and then to 80% of the saturation. The 40-80% am-
monium sulfate-precipitated fraction was subjected to gel filtration
chromatography (ACA34) equilibrated with TE NaCl buffer. After dia-
lysis against TE (30 mM Tris-HCI, 1 mM EDTA) buffer and concentra-
tion, the interesting fractions were loaded to a DEAE (diethylami-
noethyl) sepharose column equilibrated in TE buffer. All proteins were
retained and eluted using a linear 0-0.4 M NaCl gradient. The purest
fractions, as judged by SDS-PAGE gel analysis, were pooled and dia-
lyzed against TE buffer by ultrafiltration in Amicon cells equipped with
a YM10 membrane. Finally, the fractions were concentrated and stored
at —20°C until further use. Protein concentrations were determined
spectrophotometrically using a molar extinction coefficient at 280 nm
of 25,565M ™' ecm ™! for GRXS16 and its monocysteine variants and of
25,440 M~ ! ecm ™! for double cysteine variants, respectively.

Other recombinant proteins used in this work e.g. GRXS12, TRXh1
and TRXz from poplar, NTRB and GRXC1 from A. thaliana, TRXf from
Pisum sativum, ferredoxin-NADP reductase (FNR) and TRXm from
Chlamydomonas reinhardtii, FDX and FTR from Synechocystis, and
roGFP2 have been purified as described previously [14,20,30-36].

2.3. Alkylation shift assay for determination of the redox state of GRXS16

Around 3mg of GRXS16 and of the respective cysteine mutated
variants were reduced using 30 mM DTT in 200 pl of 30 mM Tris-HCl
pH 8.0 buffer for 1 h at 25 °C. The reduced proteins were then desalted
on a G25 column pre-equilibrated with 30 mM Tris-HCl pH 8.0 buffer.
Unless otherwise stated in the figure or table legends, 5uM protein
were incubated with a 5-fold excess of either GSSG, GSNO or H,0, in a
final volume of 50 pul of 30 mM Tris-HCI pH 8.0 buffer for 1h at 25°C,
protein free thiol groups have been alkylated with methoxyl-PEG
(mPEG)-maleimide of 2kDa as described previously before separating
the protein mixture on non-reducing 12% SDS-PAGE [37].

For monobromobimane (mBBr) labelling, reduced GRXS16 (5 uM)
was incubated for 1 h at 25 °C in a final volume of 200 pl of 30 mM Tris-
HCI pH 8.0 buffer in the presence of 0 to 1 mM GSSG, GSNO or H,0, at
25 °C. Alkylation of protein free thiol groups was carried out in the dark
for 20 min using 100 uM mBBr. The reaction was stopped by adding
200 pl of 20% TCA and the mixture was incubated on ice for 30 min.
After centrifugation (10min at 14,000g) and washing with 100%
acetone, the pellet was resuspended into 400 ul of 100 mM Tris-HCl
pH 8.0, 1% SDS. Fluorescence emission was measured at 472 nm after
excitation at 380 nm using a Varian Cary Eclipse fluorimeter (Agilent).
Gain settings for detection of mBBr-labeled thiol groups were always
adjusted before each experiment, and the absolute values thus obtained
might differ between the experiments. Therefore, these values were
transformed into % of fluorescence decrease to the respective initial
value of pre-reduced protein and fitted to the following equation: %
fluorescence decrease = (% fluorescence decrease),.x X [Oxidant]/
(So.5 + [Oxidant]) where S 5 corresponds to the oxidant concentration
necessary to reach half-maximal oxidation.

2.4. Determination of pK, of cysteine residues

The measurement of pK, of each cysteine residue has been per-
formed with variants possessing a single cysteine by incubating 10 uM
of protein with 200 uM 5-iodoacetamido fluorescein (fluorescein IAM)
in 200 pul of 100 mM sodium citrate, phosphate or borate buffers ran-
ging from pH2.0 to 11 at 25°C as described previously [37]. Values
were transformed into percentage of thiolate and fitted to the following
nonlinear regression: % thiolate = Bottom + (Top-Bottom)/(1 + 10"
((LogpK, — pH x HillSlope)).
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Fig. 2. GRXS16 catalyzes oxidation but not reduction of roGFP2. GSH-depen-
dent reduction kinetics of 1puM oxidized roGFP2 (A) and GSSG-dependent
oxidation kinetics of 1 uM reduced roGFP2 (B) in presence of three different
concentrations of AtGRXS16. Samples with DTT or H;O, were used as fully
reduced or oxidized roGFP2. AtGRXC1 served as positive control. Gain settings
for the detection of the roGFP2 fluorescence after excitation at 390 and 480 nm
were always adjusted before each experiment resulting in different absolute
ratio values calculated for each experiment.

2.5. Determination of midpoint redox potential (E,,)

An oxidized GRXS16 was prepared by incubating a reduced protein
with a 5-fold excess GSSG for 1h at 25°C before desalting on G25
column. The presence of the intramolecular disulfide bond was then
verified by electrospray ionization mass spectrometry analysis as de-
scribed previously [19] and the oxidation-reduction titrations using
mixtures of oxidized and reduced DTT were carried out as described
previously [17].

2.6. GRX- and TRX-mediated reduction of GRXS16

Three different systems were used. The GSH/GRX system was
composed of 200 uM NADPH, 0.1 units GR, 1 mM GSH, and 2.5uM
plastidial GRXS12. Two TRX systems have been reconstituted in vitro.
The first one comprised 200 uyM NADPH, 500 nM NTRB and 2.5puM
cytosolic TRXh1. The second one mimics a plastidial TRX system and
included 200 uM NADPH, 5 uM TRXm, f or z, 25nM FNR, 0.5 uM FDX
and 0.5pM FTR. Each reducing system was incubated at 25°C for
15 min prior addition of around 2.5 pM of oxidized GRXS16 in 50 pl of
30 mM Tris-HCl pH 8.0 buffer. The reaction was stopped after 15 min
by the addition of one volume of 20% TCA. Alkylation of protein free
thiol groups with mPEG-maleimide of 2kDa was performed as de-
scribed above.
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2.7. roGFP2 oxidation/reduction experiments

The capacity of GRX to oxidize and reduce roGFP2 was analyzed in
vitro by ratiometric time-course measurements on a fluorescence plate
reader (POLARstar Omega; BMG) with filter-based excitation at
390 = 10 and 480 *= 10nm and detection of emitted light at 520 nm
with a bandwidth of 10 nm. The reactions (100 pl) contained 1uM
roGFP2 and 1, 3 or 10 uM of the respective GRXs in 0.1 M KP; buffer
pH 7.8. When working with oxidized roGFP2, the sensor was used as
purified showing already maximal oxidation. Pre-reduced roGFP2 was
obtained by incubation with 10 mM DTT for 30 min and subsequent
desalting to remove excess DTT (ZebaTM Spin Desalting Columns,
Thermo Scientific). Oxidation of the pre-reduced sensor was performed
with 40 uM GSSG. For the reduction assay using oxidized roGFP2, re-
duced glutathione (in 0.1 M KP; buffer pH 7.8) was automatically in-
jected to a final concentration of 2 mM using the built-in injectors. A
highly negative redox state of the glutathione buffer was maintained by
addition of 1 U GR and 0.1 mM NADPH. In the case of an additional
TRX/TR system, 0.2 mM NADPH was added as well as 1 pM TRXh1 and
1uM NTR. Furthermore, H,O, and DTT were used at a final con-
centration of 10 mM to define maximum oxidation and reduction of
roGFP2. A basal background fluorescence of buffer or buffer containing
0.1 mM NADPH was subtracted from the fluorescence measured in
analyzed samples. Gain settings for detection of roGFP2 fluorescence
after excitation with 390 and 480 nm were always adjusted before each
experiment, and thus the absolute ratio values calculated might differ
between the experiments. Therefore, the ratio was normalized to the
respective value of maximal oxidation by H,O-.

2.8. Endonuclease activity

In vitro digestion of 150 ng lambda DNA (Promega) was carried out
for 30 min at 37 °C in 20 ul of 50 mM Tris-HCl pH 7.5 containing 50 mM
NaCl and 1 mM MgCl, using 10 uM of reduced or oxidized protein. The
reaction was stopped by the addition of a DNA loading buffer con-
taining EDTA and the reaction products were loaded on 1% agarose gels
in the presence of ethidium bromide.

3. Results

3.1. GRXS16 can oxidize but not reduce roGFP2 in the presence of
glutathione

Like for many other class II GRXs, good evidence for an oxidor-
eductase activity of AtGRXS16 is lacking because the protein is inactive
in classical activity assays using small non-protein compounds such as
HED or DHA and a glutathione recycling system. The only in vitro
evidence obtained so far is a weak deglutathionylation activity using a
glutathionylated SUFE1 protein and a glutathione recycling system
[28]. The redox-sensitive GFP2 (roGFP2) was recently shown to enable
the evaluation of both the reductase and oxidase activity of the mi-
tochondrial AtGRXS15 [24,38]. Hence, in the absence of an identified
target protein, roGFP2 was used to characterize the biochemical
properties of AtGRXS16. The activities as an oxidase and a reductase
were compared to GRXC1, a class I GRX having both types of activities.
In the presence of GSH, GRXS16, used at different concentrations, was
unable to catalyze the reduction of oxidized roGFP2 that possesses an
intramolecular disulfide (Fig. 2A). On the other hand, GRXS16 cata-
lyzed the oxidation of a pre-reduced roGFP2 in the presence of GSSG
although less efficiently compared to GRXC1 (Fig. 2B). The reaction
was dependent on the concentration of GRXS16 used. Given that GSSG
in the absence of GRX is not or only poorly able to oxidize roGFP2, this
result indicated that GRXS16 most likely got glutathionylated upon
reaction with GSSG and subsequently transferred the glutathione
moiety to reduced roGFP2 in a thiol-disulfide exchange reaction fol-
lowed by formation of the intramolecular disulfide on roGFP2.
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Fig. 3. GRXS16 is efficiently oxidized by disulfide glutathione. A.
Non-reducing SDS-PAGE of 5 uM reduced GRXS16 before and after
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alkylation with 2kDa mPEG maleimide. For the non-alkylated
sample the reductant DTT was washed out before loading the
sample on the gel. B. Non-reducing SDS-PAGE of 5uM reduced
GRXS16 subjected to oxidation by 5-fold excess of GSSG, GSNO or
H,0, for 1 h. After oxidation remaining free thiols were alkylated
with 2kDa mPEG maleimide. Non-alkylated GRXS16 incubated
with DTT to avoid re-oxidation during electrophoresis is shown as
a control. The numbers on the right correspond to the number of
thiols that remained reduced upon treatment and thus were al-
kylated with mPEG maleimide. C. Relative oxidation of 5uM
GRXS16 by increasing concentrations of GSSG, GSNO or H»0, for
1h. The remaining free thiols were alkylated with mBBr and
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3.2. GRXS16 is highly sensitive to oxidized glutathione forms

The oxidase/glutathionylation activity prompted us to analyze the
sensitivity of reduced GRXS16 to oxidation by treating the protein with
a 5-fold excess GSNO, GSSG or H,0,. The resulting redox state was first
analyzed by non-reducing SDS-PAGE after alkylation of the remaining
free thiol groups with 2kDa mPEG maleimide, which enables to dis-
tinguish reduced and oxidized forms of the protein. First of all, it is
important to note that a redox shift was visible for the non-alkylated
protein on non-reducing SDS-PAGE (Fig. 3A). Indeed, two bands were
observed in the monomeric size range even though the protein had been
reduced before electrophoresis. As these bands condensed as a single
band after adding DTT just before electrophoresis (Fig. 3B) and only
one band is visible in alkylated samples migrated in non-reducing SDS-
PAGE, we concluded that re-oxidation of GRXS16 occurred during
electrophoresis. From this observation, we decided to add DTT in each
reduced non-alkylated protein to avoid protein re-oxidation during
electrophoresis. Concerning the oxidative treatments, no condition led
to the loss of 3 thiols which would correspond to the formation of a
completely oxidized protein (Fig. 3B). After incubation with a 5-fold
excess H,O for 1 h only a faint band corresponding to 1 free thiol group
was visible. This result indicates that H>O, caused the formation of only
very few intramolecular disulfide bonds and that the vast majority of
GRXS16 remained reduced. Upon treatment of GRXS16 with GSSG or
GSNO the band indicating one remaining free thiol was predominant.
GSNO, however, seemed less efficient as an oxidant than GSSG, as a
small fraction of fully reduced protein remained.

To better quantify the oxidation sensitivity of GRXS16, similar
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experiments were performed in the presence of increasing concentra-
tions of the oxidants and subsequent thiol alkylation with mBBr. The
results were expressed as % of fluorescence decrease relatively to the
initial fluorescence value of pre-reduced proteins (Fig. 3C). From these
results, we determined the concentration of oxidant necessary to reach
half-maximal oxidation (Sg s) which reflects the sensitivity of GRXS16
to the respective oxidant. With this approach, we obtained S, 5 values of
3 + 1M for GSSG, 17 = 1puM for GSNO and 247 #+ 29 uM for H,0,.
Altogether, these results indicated that AtGRXS16 was more sensitive to
GSSG, then to GSNO and much less sensitive to HyO,.

3.3. The pK, of Cys™® is consistent with its sensitivity to oxidation

The reactivity of each cysteine of GRXS16 towards these agents was
assessed by generating C158S/C215S, C62S/C215S and C62S/C158S
mutated variants, which possess only Cys®2, Cys'®® or Cys®!®, respec-
tively. After reduction, treatment with a 80-fold excess GSNO, GSSG or
H,0, and alkylation by 2 kDa mPEG maleimide, the redox state of the
protein variants was analyzed on non-reducing SDS-PAGE. Under these
conditions, Cys®? and Cys*'® did neither react with GSSG nor with H,0,
and only poorly with GSNO (Fig. 4A & 4C) considering the high excess
of oxidants used here in comparison with previous experiments per-
formed with an intact GRXS16. On the contrary, the Cys'>® was almost
fully oxidized in the presence of all oxidants, predominantly as oxidized
monomers in the presence of GSSG and GSNO and as oxidized dimers
after oxidation by H,O, (Fig. 4B). The pronounced and consistent
sensitivity of Cys'®® to oxidants was somehow expected because this
residue corresponds to the catalytic cysteine in GRXs possessing a
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Fig. 4. The pK, of GRXS16 cysteines correlates with their oxidation sensitivity.
Non-reducing SDS-PAGE of 5uM reduced GRXS16 C158S/C215S (A), C62S/
C215S (B) and C62S/C158S (C) variants subjected to oxidation by a 80-fold
excess of either GSSG, GSNO or H,0, for 1 h, and subsequently alkylated with
2 kDa mPEG maleimide prior to separation on non-reducing SDS-PAGE. Non-
alkylated control samples are always shown in the left lane. The numbers on the
right correspond to the number of thiols that remained reduced upon treatment
with oxidants and thus were alkylated. D. The pK, values of sulfhydryl group
Cys®?, Cys'®® and Cys®!® was determined by incubating 10 uM of reduced
GRXS16 C158/2158S, C62/215S and C62/158S variants in buffers ranging from
pH 2.0 to 11.0 in the presence of 200 uM fluorescein-IAM which reacts with
thiolates. The thiolate groups were labeled by fluorescein-IAM and the resulting
fluorescence emission was expressed as a % of maximal fluorescence and fitted
to the pH value of the solution. The obtained pK, values are the mean = SD of
three separate experiments.

regular reductase activity. However, the results obtained with the other
variants did not point to differences in their reactivity, at least in a
buffer with pH8.0 as used here. Hence, we sought to determine pre-
cisely the pK, of all three cysteines using an alkylation method relying
on 5-iodoacetamido-fluorescein (fluorescein IAM), a fluorescent
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molecule that reacts with thiolates but not thiols. The pH-dependent
reaction of each variant, retaining a single cysteine residue, with
fluorescein IAM was followed by incubating reduced proteins with
fluorescein IAM in different buffers ranging from pH 2.0 to 11.0. From
the titration curves, we obtained pK, values of 9.4 + 0.2 for Cys®?
3.9 = 0.1 for Cys'™® and 7.6 + 0.1 for Cys®'® (Fig. 4D). Without
considering other factors, this indicated that, at physiological pH of the
chloroplast (i.e. between 7 and 8), the catalytic cysteine Cys'>® will be
predominantly present as thiolate, Cys62 in the protonated thiol form
and Cys®'® in a mixture of thiolate and thiol forms. Incidentally, these
results suggested that the putative intramolecular disulfide bond
formed in GRXS16 after oxidative treatment likely involves Cys'®® as
the primary oxidation site and Cys>'® acting as the recycling cysteine.
3.4. GRXS16 forms an intramolecular Cys'*®-Cys*'® disulfide

To validate this assumption, we first analyzed the changes in the
redox state of the C62S variant after oxidative treatment with 5-fold
excess of oxidants and subsequent alkylation (Fig. 5A). In accordance
with results obtained for GRXS16 (Fig. 3B), the oxidation profile of the
GRXS16 C62S variant corresponded to the loss of 2 free thiols upon
treatment with GSSG and GSNO. In contrast, incubation with H,0,
resulted only in poor oxidation (Fig. 5A). Furthermore, on non-reducing
SDS-PAGE, the reduced non-alkylated protein and the oxidized mono-
meric form display different migration profiles (Fig. 5A). It was due to
the redox shift between oxidized and reduced non-alkylated proteins as
it was no more visible on reducing SDS-PAGE (Fig. 5B).

To firmly establish what are their oxidation forms, GRXS16 and
GRXS16 C62S were either reduced with DTT or incubated with GSSG
and subsequently analyzed by mass spectrometry (Supplementary
Figs. 1 & 2). First, a single species was obtained with both reduced
proteins but they presented a mass decrease of ca 131 Da compared to
the theoretical molecular masses (Table 1). It does undoubtedly cor-
respond to the cleavage of the first methionine as expected from the
presence of an alanine at the second position. Both GSSG-oxidized
proteins were exclusively detected as monomeric forms with a decrease
of their molecular masses of around 1.7 Da compared to the reduced
forms, corresponding to the loss of two protons (Table 1). Hence, these
results confirmed the formation of a Cys'®®-Cys?!® intramolecular dis-
ulfide bond, in accordance with previous alkylation experiments
(Figs. 3B & 4). Using a His-tagged version of GRXS16, previous work
suggested the existence of an intramolecular Cys®?-Cys'>® disulfide
bond that inhibited the endonuclease activity of the protein [29].
Hence, we have also analyzed the redox state of GRXS16 C215S treated
with GSSG by ESI-MS (Supplementary Fig. 3). However, only a reduced
monomeric form and a disulfide-bridged dimer were detected (Table 1)
indicating first that no intramolecular disulfide bond is formed between
Cys®2-Cys'®® (at least in the presence of GSSG) and second that an in-
termolecular disulfide bond, likely involving Cys'®®, is formed in the
absence of Cys®!°. The confirmation that dimer formation originated
from the attack of a glutathionylated Cys'®® of one monomer by the
reduced Cys'®® of another monomer was obtained by analyzing a GSSG-
treated GRXS16 C62S/C215S variant for which we indeed detected a
mixture of reduced monomer, glutathionylated monomer (mass incre-
ment of 305.1 Da) and disulfide-bridged dimer (Table 1, Supplementary
Fig. 4). Overall, these results conflict with the previous study [29], as
we neither observed a Cys®2-Cys'®® oxidized form (even in the absence
of Cys®'®), nor did we find a redox regulation of the endonuclease ac-
tivity of GRXS16 as assayed with lambda DNA as substrate
(Supplementary Fig. 5).

3.5. GRXS16 is reduced by a TRX- but not a GSH-regeneration system
Next, we sought to determine the redox midpoint potential of the

intramolecular Cys'®8-Cys®!® disulfide bond. Initial titration with GSH/
GSSG redox buffers was unsuccessful. We thus continued with a DTT,eq/
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DTT,x redox buffer and found an unexpectedly low E,, value of
—296 + 1mV at pH7.0 (Fig. 6A). This prompted us to test various
reducing systems for their ability to reduce GRXS16, which was de-
tected using the same in vitro alkylation method. Consistent with the
results of the redox potential titration, GSH, either alone or in combi-
nation with NADPH and GR to obtain a fully reduced glutathione pool,
was clearly inefficient in the complete reduction of oxidized GRXS16
(Fig. 6B). Adding the chloroplastic GRXS12 in the complete system did
not improve much the reduction. Interestingly, the cytosolic TRXh1
fully reduced the oxidized GRXS16 in the presence of NADPH and NTR.
In order to test some plastidial TRXs, which are not reducible by NTR
but by FTR, we have reconstituted a light-independent system estab-
lished before for the reduction of TRXz by coupling NADPH, Chlamy-
domonas FNR and Synechocystis FDX and FTR [31]. We verified that
none of these proteins reduced oxidized GRXS16 in the absence of TRX.
Adding either TRXf or TRXm led to GRXS16 reduction although not to
the same extent as TRXz. These in vitro data indicated that the cellular
reduction of the plastidial AtGRXS16 likely does not depend on the GSH
system but on light and the FTR/TRX system (Fig. 6C).

3.6. The resolving Cys*'® modulates both the reductase and oxidase activity
of GRXS16

Given the presence of the intramolecular Cys'*%-Cys?'® disulfide, we
sought to examine the requirement of other cysteine residues, notably
Cys®'®, for GRXS16 activity. First of all, GRXS16 C158S variant was
inactive in both the reduction and oxidation of roGFP2 whereas
GRXS16 C62S variant displayed an activity profile similar to GRXS16.
Interestingly, the GRXS16 C215S variant oxidized roGFP2 more effi-
ciently than GRXS16. Moreover, the mutated variant acquired the novel
capacity to reduce roGFP2 (Fig. 7). This indicates that the resolving
Cys?'® interferes with the transfer of glutathione from roGFP2 to the
catalytic cysteine of GRXS16. Accordingly, a stable glutathione adduct
can be detected on Cys'®® in the GRXS16 C62S/C215S variant
(Table 1). Finally, since a TRX system can serve for the regeneration of
an oxidized GRXS16, similar roGFP2 reduction experiments have been
performed by adding NADPH/NTR/TRXh1 but keeping GSH, which is

Table 1

mandatory for roGFP2 reduction. Nevertheless, for unclear reasons, this
did not allow reduction of roGFP2, the observed slight increase of
roGFP2 reduction being due to the action of TRXh1l protein alone
(Supplementary Fig. 6). Overall, this indicated that Cys®? does not in-
fluence the redox activity of GRXS16, that Cys'®® is indispensable for
the oxidoreductase activity and that Cys*'®> modulates the glutathione-
dependent reductase/oxidase activity of GRXS16 by promoting the
formation of an intramolecular Cys'*8-Cys®'® disulfide bridge.

4. Discussion

Delineating the activity and catalytic mechanism of class II GRXs is
currently the subject of intense research. For the peculiar GRXS16, a
previous study reported the existence of an intramolecular Cys®2-Cys'>®
disulfide bond, which modulated the activity of the N-terminal en-
donuclease domain [29]. However, the reduction system for this oxi-
dized form was not investigated. On the other hand, C. reinhardtii GRX6,
the GRXS16 ortholog possessing only the cysteine residue of the CGFS
signature, was shown to form a covalent homodimer that is only very
poorly reduced by GSH [39]. All these observations prompted us to
investigate the biochemical properties of AtGRXS16 in more details.

4.1. A Cys"™8-Cys**intramolecular disulfide is formed in GRXS16

Using an untagged recombinant protein, we initially observed that
GRXS16 migrated as a single band of ~26 kDa in reducing SDS-PAGE
but as a double band in non-reducing SDS-PAGE, even after a pre-re-
duction step. This pointed to the existence of at least two redox forms.
Coupling GSSG or GSNO treatments of cysteine-mutated variants to an
alkylation approach and mass spectrometry analyses, we determined
unambiguously that an intramolecular Cys'®®-Cys*!® disulfide was
formed. In accordance with their respective pK, values of 3.9 and 7.9,
Cys'®® is glutathionylated in the first step, followed by a nucleophilic
attack of the resolving Cys>'®. The high pK, value of Cys®? (9.4) likely
precludes its reactivity even if it would be in sufficiently close proximity
for attacking the glutathionylated Cys'®®.

The existence of an intramolecular disulfide bridge between the

Electrospray ionization mass spectrometry analysis of reduced and GSSG-treated GRXS16 and its mutated variants lacking Cys®2.

Protein Theoretical mass (Da) Theoretical mass without Met DTT,eqtreatment GSSG treatment Mass difference (Da)
(Da)
GRXS16 25,428.0 25,296.8 25,297.0 25,295.3 -1.7
GRXS16 C62S 25,411.9 25,280.7 25,281.1 25,279.4 -1.7
GRXS16 C215S 25,411.9 25,280.7 25,280.7 25,280.9 +0.2
50,561.3 x2
GRXS16 C62S C215S 25,395.9 25,264.7 25,264.8 25,264.7 -0.1
25,569.8 +305.1
50,529.6 x2

The mass accuracy is generally + 0.5 Da.
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Fig. 6. The GRXS16 disulfide is reduced by thioredoxins but not glutathione. A.
Representative redox titration curve for GRXS16. The titration was carried out
using a total DTT concentration of 2mM for 2h at pH7.0. Free thiol groups
were labeled by mBBr and the resulting fluorescence emission was expressed as
% of maximal fluorescence and fitted to the redox potential of the solution. The
obtained E,, value is the mean * SD of three replicates. B and C. The oxidized
GRXS16 was treated for 15min with DTT, with GSH either alone or in the
presence of NADPH and GR. When using poplar GRXS12, poplar TRXh1, pea
TRXf, Chlamydomonas TRXm and poplar TRXz, the adequate regeneration
system was included ie., NADPH/GR/GSH for GRXS12, NADPH/NTR for
TRXh1 and NADPH/FNR/FDX/FTR for TRXf, m and z. After alkylation with
2kDa mPEG maleimide, proteins were separated on non-reducing SDS-PAGE.
Reduced (Red) or oxidized (Ox) proteins served as controls. The stars indicate
the alkylated forms of the reducing oxidoreductases in the respective re-
generation systems when visible.

catalytic cysteine and the cysteine located in the C-terminal GGCD
motif was demonstrated for C. reinhardtii GRX3, the GRXS14 ortholog,
and for yeast Grx5 [8,40]. This might also be true for E. coli Grx4 al-
though the resolving cysteine has not been unambiguously determined
[6,41]. Consistent with the existence of a comparable reaction me-
chanism, the corresponding cysteines in ScGrx5 have pK, values of 5.0
for Cys®® and 8.2 for Cys''” [40]. However, significant differences exist.
The first one is the sensitivity to oxidation as only 3 uM GSSG is suffi-
cient to oxidize 50% of GRXS16 whereas 98 UM is needed to oxidize
ScGrx5 to the same extent [40]. Another difference is the redox

433
106

BBA - General Subjects 1863 (2019) 426-436

DTT

H0,

GRXC1
GRXS16
GRXS16 C62S
GRXS16 C158S

GRXS16 C215S
roGFP2

normalised ratio
(390/480 nm)

0.0+ T T

oo »>» m « > @

50 100

time (min)

DTT

H0,

GRXC1
GRXS16
GRXS16 C62S
GRXS16 C158S

GRXS16 C215S
roGFP2

normalised ratio
(390/480 nm)

A
, I
i

WWWW\ AT

oo > m 4« > 0

100
time (min)

Fig. 7. The resolving Cys®'® of GRXS16 modulates the oxidation/reduction of

roGFP2. GSH-dependent reduction kinetics of 1 uM oxidized roGFP2 (A) and
GSSG-dependent oxidation kinetics of 1 uM reduced roGFP2 (B) in presence of
GRXS16 or of mutated variants lacking specific cysteines. Control proteins and
experiments and fluorescence detection are as in Fig. 2.

potential of the disulfide as GRXS16 displays an atypical negative E,,
value of —296 mV at pH 7.0 compared to the —175mV obtained for
ScGrx5 [40]. The value obtained for GRXS16 is close to the redox po-
tentials obtained for CrGRX3 (—323mV at pH7.9) [8], but also for
some Arabidopsis plastidial TRXs [42]. On the contrary, it is lower than
those determined for class I poplar dithiol GRXs that varied from
—233mV to —263mV at pH7.0 [17]. In the latter case, the disulfide
involves both cysteines of the CxxC signature and is reduced by GSH. In
GRXS12, a monothiol class I GRX, the glutathione adduct has a redox
potential of —315mV at pH7.0 [21]. All these observations indicate
that the inability of GSH to regenerate class II GRXs is very likely not
related to the E,, value of the disulfide.

4.2. Recycling of oxidized GRXS16

The quest for the regeneration system of class II GRXs is not com-
pletely solved either. Indeed, it was reported that the intramolecular
disulfide of human GRX2 or of E. coli Grx4 can be reduced respectively
by mammalian or E. coli NTR and the disulfide of CrGRX3 by FTR [6-8].
Similarly to CrGRX6 [39], the reduction of GRXS16 is not directly
mediated by FTR or NTR on their own, but requires the presence of a
TRX. It may actually be that the thylakoid preparation used for testing
the regeneration of CrGRX3 by FTR contained some residual amounts of
TRXs. For instance, m-type TRXs or other redoxins are known to par-
ticipate in photosystem biogenesis and might be attached to thylakoids
[43,44]. To clarify this point, it would be interesting to test the
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reduction of CrGRX3 and its Arabidopsis ortholog GRXS14 with pur-
ified enzymes as we did in this study.

Although all the aforementioned class II GRX isoforms, which are
regenerated by thioredoxin reductases and TRX, have an additional C-
terminal cysteine residue, numerous other class II GRX isoforms possess
only the catalytic cysteine. The question of their redox state and phy-
siological regeneration system remains unsolved. For example, within
the GRXS16 subgroup, the C-terminal cysteine is only present in iso-
forms from angiosperms whereas orthologs present in sequenced
chlorophytes, mosses or fern lack this residue. This is an important
difference as the recombinant CrGRX6 forms a covalent dimer that is
not efficiently reduced by GSH [39]. Among other plant class II GRXs,
most members of the mitochondrial GRXS15 subgroup contain only a
single cysteine or at least lack the semi-conserved C-terminal cysteine.
AtGRXS15 is unable to catalyze the reduction of HED, DHA or roGFP2
even in the presence of physiological concentrations of fully reduced
GSH [24,38]. This is puzzling because the GRXS16 C215S variant in-
vestigated in this work mimics GRXS15 by possessing only the catalytic
cysteine, but was clearly capable of reducing roGFP2. Another sur-
prising observation is that the C. reinhardtii ortholog of GRXS15,
CrGRXS5, which has four cysteine residues, including the one present in
the C-terminal GGCD motif, also forms covalent dimers in vitro [39].
Hence, a systematic analysis of all GRX isoforms seems necessary to
identify the catalytic properties of class II GRXs and the molecular
mechanisms involved in their reduction, especially for those with a
single cysteine.

It is interesting to note that the C-terminal cysteine residue is also
conserved in some class I GRXs [17]. In this case, however, the function
seems to be different from the role in GRXS16 as it is not involved in the
catalytic mechanism. For example, in poplar GRXC1 and GRXC2, this
residue is prone to oxidation leading to the formation of a covalent
dimer with an intermolecular disulfide bond that is efficiently reduced
by GSH [17].

4.3. Oxidoreductase activity of GRXS16

The absence of a regular GSH-dependent reductase activity for
AtGRXS16 when using classical GRX substrates such as HED does not
preclude, however, that GRXS16 could possess deglutathionylation
activities in addition to the glutathionylation activity reported here.
Indeed, in vitro deglutathionylation activities have been reported for
ScGRX5, CrGRX3 and AtGRXS17 using specific protein substrates,
carbonic anhydrase, A, glyceraldehyde-3-phosphate dehydrogenase
and BOLA2, respectively [8,28,40] whereas a glutathionylation/oxi-
dation activity was described for AtGRXS15 using roGFP2 [38]. In the
absence of known redox-regulated partners, we demonstrated that
AtGRXS16 was unable to reduce roGFP2 in the presence of GSH
whatever the conditions used. The use of a NADPH/NTRB/TRXh1 re-
ducing system in addition to GSH was also inefficient although it would
have in principle allowed some turnover of the enzyme. Indeed, re-
duction of roGFP2 is likely initiated by a nucleophilic attack of GSH on
the intramolecular disulfide of roGFP2, followed by a nucleophilic at-
tack of Cys'®® on the glutathionylated roGFP2 allowing its deglu-
tathionylation. The resulting glutathione adduct formed on Cys'®®
should be recycled by another GSH molecule in the GRXS16 C215S
variant whereas an intramolecular disulfide, not reduced by GSH but by
TRX, is preferentially formed in GRXS16 (Fig. 6). Incidentally, this re-
sult indicated that GSH is able to sustain the recycling of a glutathio-
nylated GRXS16. This has to be discussed in the light of the recent study
comparing the enzymatic mechanism used by class I and class II GRXs.
It was proposed that class I GRXs require two distinct glutathione in-
teraction sites for efficiently catalyzing deglutathionylation reactions
[38]. A so-called scaffold site would interact with the glutathione
moiety of glutathionylated substrates whereas an activator site would
activate glutathione for the second step i.e., GRX deglutathionylation. It
was reported that AtGRXS15, used as a class II representative, contains
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a partially functional glutathione-scaffold site but an altered glu-
tathione activator site [38]. In GRXS16, a functional activator site may
be present but the presence of Cys?!® at the vicinity of residues defining
the scaffold site (Fig. 1A) might preclude the interaction with glu-
tathionylated target proteins. Hence, the nucleophilic attack of GRXS16
onto glutathionylated roGFP2 may be the limiting step and might ex-
plain why GRXS16 is unable to reduce roGFP2.

Concerning the opposite reaction, AtGRXS16 mediates roGFP2
oxidation in the presence of GSSG, as observed with AtGRXC1 and
AtGRXS15 [38]. Such an activity was also reported for AtGRXC2 that
catalyzes the glutathionylation of the BRI1-associated receptor kinase 1
in vitro [45]. Considering that the first step of roGFP2 oxidation is the
transfer of a glutathione moiety from GRX to roGFP2, it is expected that
the presence of a recycling cysteine limits the efficiency of the reaction,
the GSH transfer to roGFP2 competing with the reduction of glu-
tathionylated catalytic cysteine. Accordingly, mutating Cys*'® in
GRXS16 increased substantially its oxidase activity that is best inter-
preted by the fact that a stable glutathione adduct, formed on Cys'>®
upon reaction with GSSG, is transferred efficiently to the reduced
roGFP2 instead of being resolved into an intramolecular disulfide, an
oxidized form which is not or less efficiently able to catalyze roGFP2
oxidation. However, the fact that GRXS16 mediated roGFP2 oxidation
indicates that the recycling step by Cys>'® is not very efficient and may
be rate-limiting. Coupled with the high reactivity of reduced GRXS16
towards GSSG, this supports the possibility that it could mediate protein
glutathionylation in vivo in response to small variations of the GSH/
GSSG pool that can occur in some conditions.

4.4. Who does what among plastidial GRXs?

In A. thaliana, four plastidial GRXs are present in plastids, two be-
longing to the class I, GRXC5 and GRXS12, and two belonging to the
class I, GRXS14 and GRXS16. Except GRXS12, all are able to bind Fe-S
clusters at least in vitro [19,22]. Moreover, both class I GRXs possess
GSH-dependent deglutathionylation activity in their apoforms [14,19]
whereas GRXS14 and GRXS16 do not or very poorly, at least with the
substrates tested so far. Hence, considering that GRXC5 is only found in
Brassicaceae, GRXS12 should be the predominant isoform controlling
deglutathionylation reactions in most terrestrial species.

The question of how protein glutathionylation occurs in this com-
partment is more uncertain. It could be somehow spontaneous in si-
tuations where sulfenic acids formed upon reaction of cysteines with
molecules such as hydrogen peroxide, react with GSH [46]. But this
could be also mediated by GRXs. For instance, considering its reactivity
towards GSSG or GSNO, AtGRXS16 could catalyze the glutathionylation
of target proteins. Considering that AtGRXC1 is more efficient than
AtGRXS16 for roGFP2 oxidation and that class I GRXs appear to react
equally well with these oxidized glutathione forms [17,19], the plasti-
dial class I GRXs may be again the best candidates for this type of re-
action. Indeed, although the capacity of AtGRXS12 to catalyze glu-
tathionylation reactions has not been specifically addressed, in vitro
evidence for a stable glutathionylated state were provided using the
poplar ortholog [21]. Overall, class I GRXs should be the predominant
actors controlling glutathionylation/deglutathionylation cycles in
plastids but the glutathionylation activity of class II GRXs may be re-
levant for promoting the oxidation of specific partners or in specific
conditions or organisms as in algae. Indeed, Ostreoccocus species have
no class I GRXs and the only plastidial isoforms found in C. reinhardtii
are the class II GRXs, GRX3 and GRX6. This raises the question of how
glutathionylation/deglutathionylation reactions are controlled in plas-
tids of these species taking into account that TRXs do not seem to be
efficient catalysts for these reactions [8].

It is important to notice that, for both deglutathionylation/glu-
tathionylation reactions, GRXs have to be initially reduced in order to
perform the nucleophilic attack of either oxidized glutathione forms or
glutathionylated targets. Hence, if the chloroplastic NTR-TRX hybrid
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protein, NTRc, does not reduce them, class II GRXs should only be re-
duced in light conditions. The question of the physiological redox state
of plastidial class II GRXs and of GRXS16 in particular is also important
for the binding of Fe-S clusters. Indeed, by analogy with the mi-
tochondrial GRXS15 counterpart [24], the assumed role of GRXS16 in
the maturation of Fe-S proteins is to transfer preformed Fe-S clusters to
partner proteins, either final client proteins or other SUF components
[47]. This transfer function implies that class I GRXs are under a re-
duced state to transiently bind the Fe-S clusters. As for the oxidor-
eductase property, this indicates that the function of class II GRXs in Fe-
S cluster biogenesis may not be operational in stress conditions or in the
dark. In the latter case, this may be counterintuitive because an at-
tractive hypothesis is that Fe-S cluster biogenesis occurs during the
night, a period during which the levels of reactive oxygen species, that
potentially damages Fe-S clusters, are lower.
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Supplementary Table 1. Primers used for cloning and site-directed mutagenesis
experiments.
The Ncol and BamHI restriction sites used for cloning are underlined in the primers. The

mutagenic codons are in bold.

Name Sequence

GRXS16 for 5" CCCCCCATGGCTTCCGCCGTCAAATCTCTAACG 3’
GRXS16 rev 5" CCCCGGATCCCTAGTTCAAGATATTGGC 3’

GRXS16 C62S for 5" TCTGTGCCGGAGCTTTCTGGCTCCGTTAAGGTT 3’
GRXS16 C62S rev 5" AACCTTAACGGAGCCAGAAAGCTCCGGCACAGA 3°

GRXS16 C158S for 5> AGGAGTGCTCCTCAATCTGGATTCTCACAGAGA 3°

GRXS16 C158S rev 5> TCTCTGTGAGAATCCAGATTGAGGAGCACTCCT 3’

GRXS16 C215S for 5> GAACTTGTAGGAGGATCTGATATTTTGACCTCA 3’

GRXS16 C215S rev 5> TGAGGTCAAAATATCAGATCCTCCTACAAGTTC 3’
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Chez les organismes photosynthétiques, les TRXs forment une famille multigénique d’environ 40
membres mais peu sont retrouvées dans les mitochondries (TRX h2 et TRX 0). Contrairement a
la plupart des autres plantes, Arabidopsis thaliana posséde deux isoformes TRXo. Ces travaux
avaient pour objectif de caractériser leurs propriétés biochimiques respectives. De maniére
surprenante, il est apparu que les deux isoformes lient a priori un centre fer-soufre (Fe-S) de type
[4Fe-4S] coordonné au sein d’un homodimére par les deux cystéines du site actif WCGPC de
chaque monomeére aprés expression dans un systéeme hétérologue bactérien ou lors d’expériences
de reconstitution de centre Fe-S in vitro. Malgré des différences structurales, ces deux TRX sous
forme apo sont capables de réduire les protéines NFUA4/5 in vitro, protéines préalablement
identifiées comme partenaires de TRXol et impliquées dans la maturation des protéines Fe-S
dans les mitochondries. Ces résultats pourraient indiquer des connections avec la maturation des
protéines Fe-S, les TRX o pouvant notamment participer a la réduction de certains facteurs de

maturation si ceux-ci se retrouvaient transitoirement oxydes.

119



120



antioxidants m\py

Article

Mitochondrial Arabidopsis thaliana TRXo Isoforms
Bind an Iron-Sulfur Cluster and Reduce NFU
Proteins In Vitro

Flavien Zannini !, Thomas Roret '?, Jonathan Przybyla-Toscano !'3, Tiphaine Dhalleine ,

Nicolas Rouhier ! and Jérémy Couturier 1*

1 Université de Lorraine, Inra, IAM, F-54000 Nancy, France; flavien.zannini@univ-lorraine.fr (EZ.);

thomas.roret@sb-roscoff.fr (T.R.); przybylajonathan@orange.fr (J.P--T.);
tiphaine.dhalleine@univ-lorraine.fr (T.D.); nicolas.rouhier@univ-lorraine.fr (N.R.)
2 CNRS, LBI2M, Sorbonne Universités, F-29680 Roscoff, France
Department of Plant Physiology, Umeé Plant Science Centre, Umea University, S-90187 Umea, Sweden
Correspondence: jeremy.couturier@univ-lorraine.fr; Tel.: +33-372-745-159

check for
Received: 11 August 2018; Accepted: 9 October 2018; Published: 13 October 2018 updates

Abstract: In plants, the mitochondrial thioredoxin (TRX) system generally comprises only one
or two isoforms belonging to the TRX h or o classes, being less well developed compared to the
numerous isoforms found in chloroplasts. Unlike most other plant species, Arabidopsis thaliana
possesses two TRXo isoforms whose physiological functions remain unclear. Here, we performed a
structure-function analysis to unravel the respective properties of the duplicated TRXo1 and TRX02
isoforms. Surprisingly, when expressed in Escherichia coli, both recombinant proteins existed in
an apo-monomeric form and in a homodimeric iron-sulfur (Fe-S) cluster-bridged form. In TRXo2,
the [4Fe-45] cluster is likely ligated in by the usual catalytic cysteines present in the conserved
Trp-Cys-Gly-Pro-Cys signature. Solving the three-dimensional structure of both TRXo apo-forms
pointed to marked differences in the surface charge distribution, notably in some area usually
participating to protein—protein interactions with partners. However, we could not detect a difference
in their capacity to reduce nitrogen-fixation-subunit-U (NFU)-like proteins, NFU4 or NFU5, two
proteins participating in the maturation of certain mitochondrial Fe-S proteins and previously isolated
as putative TRXol partners. Altogether, these results suggest that a novel regulation mechanism
may prevail for mitochondrial TRXs o, possibly existing as a redox-inactive Fe-S cluster-bound
form that could be rapidly converted in a redox-active form upon cluster degradation in specific
physiological conditions.

Keywords: mitochondria; thioredoxin; iron—sulfur cluster; redox regulation

1. Introduction

Mitochondria are important organelles being notably the site of production of cellular energy
in the form of adenosine triphosphate (ATP) through the process of oxidative phosphorylation and
being also an important site for the amino acid and lipid metabolisms and for the biosynthesis of
many crucial vitamins and cofactors. For instance, mitochondria are crucial for the synthesis of the
iron-sulfur (Fe-S) clusters found in numerous essential proteins present in the matrix but also in
the cytosol and the nucleus [1-3]. Despite the existence of several energy-dissipating systems, the
over-reduction of the mitochondrial electron transport chain (ETC) releases reactive oxygen species
(ROS) notably at the level of the complexes I and III [4]. Scavenging enzymes for the superoxide ion
and HyO; are present in the mitochondrial matrix. This includes superoxide dismutases and ascorbate-
and thiol-dependent peroxidases belonging to the peroxiredoxin (PRX) or glutathione-peroxidase-like
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(GPXL) families [4]. These thiol peroxidases use reactive cysteine residues for catalysis and rely
either on a glutathione/glutaredoxin (GSH/GRX) system or on a thioredoxin (TRX) system for their
regeneration [5-8]. Despite the existence of these scavenging systems, ROS-mediated protein oxidation
occurs in this compartment. At the level of some sensitive protein cysteine residues, this leads to
reversible modifications such as the formation of sulfenic acid, of disulfide bonds, or of glutathionylated
or nitrosylated cysteines. In this respect, it is surprising that the systems devoted to the reduction of
these oxidized cysteine forms are not very developed in mitochondria. Among the 30 genes coding
for GRXs [9] and the 30 to 45 genes encoding TRX or TRX-like proteins in angiosperms [10,11], only
one GRX named GRXS15 [12] and one or two TRXs are found in mitochondria, the majority being
present in plastids and in the cytosol/nucleus. The mitochondrial TRX isoforms belong to the TRXh
or TRXo classes [13,14]. Unlike most other plant species, A. thaliana possesses two TRXo isoforms
which add to TRXh2 [15]. Their regeneration should be in principle dependent on the nicotinamide
adenine dinucleotide phosphate reduced (NADPH)-thioredoxin reductase (NTR) A and/or B [13,16].
Concerning GRXS15, no in vitro GSH-dependent reductase activity was observed for GRXS15 so far
whereas it possesses an oxidase activity being able to oxidize the reduction-oxidation sensitive green
fluorescent protein 2 (roGFP2) at the expense of oxidized glutathione (GSSG) [17]. The physiological
relevance of this activity is unclear because it is rather thought that GRXS15 participates to the
maturation of Fe-S proteins serving as a transfer protein for the exchange of Fe-S clusters from
scaffold proteins, on which de novo synthesis occurs, either to other maturation factors or directly
to acceptor proteins [12,18]. Hence, TRXs o and h likely represent the major disulfide reductases in
plant mitochondria.

Both A. thaliana TRXs o have the typical characteristics of TRXs i.e., a molecular weight around 13
kDa and a conserved WCGPC motif that comprises the catalytic cysteines. In their reduced forms, TRXs
are rather competent for reducing disulfide bonds in target proteins. Nevertheless, as demonstrated
for some peculiar TRXs, they might also reduce S-nitrosylated or S-glutathionylated proteins [19,20].
If TRXs o also possessed such a property, this would help understanding the absence of GRXs with
deglutathionylation activity in mitochondria. The molecular function of these TRXs o is unclear and
only A. thaliana TRXol and pea TRXo were studied so far. TRXs o may function in the regeneration
of peroxiredoxin IIF [7,8], in the activation by reduction of citrate synthase [21], alternative oxidase
(AOX) [22,23], and isocitrate dehydrogenase [24], but also in the deactivation of both mitochondrial
succinate dehydrogenase and fumarase [25]. However, at the macromolecular level, the phenotypes of
A. thaliana mutants for trxol and trxo2 single mutants or for the double mutant are extremely mild. In
one study, no growth defect was observed for these mutants grown on soil under long-day conditions
for four weeks [26]. In other studies, the A. thaliana trxol mutant showed an accelerated germination
in the presence of salt [27], and a significant reduction in the fresh weight of shoots was visible during
the first four weeks of growth whereas the root growth was not affected [25]. At the cellular level, the
activity of enzymes of the tricarboxylic acid (TCA) cycle, or associated with it, is deregulated is the A.
thaliana trxol mutant and this is accompanied by changes in the amounts of some metabolites, notably
citrate, malate, and pyruvate [25]. In fact, several experiments aiming at identifying mitochondrial
partners of TRXs identified more than 100 putative targets including all enzymes of the TCA cycle
and enzymes involved in many other processes [22,23,28]. In addition, one should also consider
as putative partners, proteins forming intra- or intermolecular disulfide bridges [29], and proteins
subject to other redox post-translational modifications (sulfenylation, nitrosylation, glutathionylation)
as recently repertoried for photorespiratory and associated enzymes [30].

In order to understand whether the two mitochondrial TRXs o from A. thaliana could be
distinguished by their biochemical properties, we have performed a structure-function analysis
of both isoforms. We observed that both proteins bind an Fe-S cluster when expressed as recombinant
proteins in Escherichia coli. The Fe-S cluster ligation in TRXo2 depends on the cysteines found in the
conserved WCGPC motif. The physiological relevance of this observation remains unclear. Another
observation that may give hints towards a possible connection with the mitochondrial Fe-S cluster
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assembly machinery is that apo-TRXs o have the capacity to reduce oxidized NFU4 or NFUS5, proteins
previously isolated as putative TRX partners and known to participate in the maturation of certain
mitochondrial Fe-S proteins [1-3]. Although solving their respective 3D structures indicated that
marked differences in the surface charge distribution exist between both proteins, no difference
between TRXo1 and TRX02 was observed in the capacity to reduce NFU proteins.

2. Materials and Methods

2.1. Cloning and Site-Directed Mutagenesis

The sequences coding for the presumed mature form (i.e., devoid of N-terminal targeting
sequences) of A. thaliana TRXol (At2g35010) and TRXo2 (At1g31020) were cloned into the Ndel
and BamHI restriction sites of both pET12a and pET15b. The cysteines of TRX02 were individually
substituted into serines by site-directed mutagenesis by primer extension using two complementary
mutagenic primers [31,32]. In a first round of PCR, two fragments with overlapping ends are generated
using TRXo2 forward and mutagenic reverse primers and TRXo2 reverse and mutagenic forward
primers, respectively. For the second round of PCR, these fragments were mixed with TRXo2 forward
and reverse primers added after 10 PCR cycles to obtain the final product with the desired mutation.
The corresponding variants were named TRXo2 C375 and C40S. The sequences coding for the
presumed mature forms of AtNFU4 (At3g20970) and AtNFUS5 (At1g51390) were cloned into the
Ncol and BamHI restriction sites of pET3d and the sequence coding for E. coli IscS was cloned into the
Ndel and BamHI restriction sites of pET12a. All primers used in this study are listed in Table S1.

2.2. Heterologous Expression in Escherichia coli and Purification of Recombinant Proteins

For protein production, the E. coli BL21 (DE3) strain containing the pSBET plasmid, which
allows expression of the transfer ribonucleic acid (tRNA) needed to recognize the AGG and AGA
rare codons [33], was co-transformed with recombinant pET3d and pET12a plasmids to produce
untagged proteins and with recombinant pET15b plasmids to produce N-terminal His-tagged proteins.
The volumes of cultures of E. coli transformed cells were progressively increased up to 2.4 L in LB
medium at 37 °C supplemented with 50 ug/mL of ampicillin and kanamycin. Protein expression
was induced at exponential phase by adding 100 uM isopropyl 3-D-thiogalactopyranoside for 4 h at
37 °C. Cultures were then centrifuged for 20 min at 6318 g and the cell pellets were resuspended in
about 20 mL of Tris NaCl (30 mM Tris-HC1 pH 8.0, 200 mM NaCl) for untagged proteins or TI NaCl
(50 mM Tris-HCI pH 8.0, 10 mM imidazole, 300 mM NaCl) for His-tagged proteins and conserved at
—20 °C. Cell lysis was performed by sonication (3 X 1 min with intervals of 1 min) and the soluble
and insoluble fractions were separated at 4 °C by centrifugation for 30 min at 27,216 x g.

For His-tagged TRXs o, the soluble fraction was loaded on Ni?* affinity columns (Sigma-Aldrich,
St Louis MO, USA). After extensive washing, proteins were eluted by adding 50 mM Tris-HC] pH
8.0, 300 mM NaCl, 250 mM imidazole. The recombinant proteins were concentrated by ultrafiltration
under nitrogen pressure and dialyzed (Amicon, YM10 membrane, Merck, Berlington MA, USA) and
stored in a 30 mM Tris-HCl pH 8.0 buffer supplemented with 50% glycerol at —20 °C. The purification
of His-tagged proteins was performed in aerobic or anaerobic conditions. Anaerobic manipulations
were performed in a Jacomex glovebox under a nitrogen atmosphere with oxygen levels below 1 ppm.

For untagged proteins, the soluble fraction was first precipitated by ammonium sulfate from 0 to
40% and then to 80% of the saturation. Both TRXo and NFU proteins precipitated mostly between 40
and 80% of ammonium sulfate saturation and E. coli IscS between 0 and 40%. The fractions of interest
were subjected to size exclusion chromatography (ACA44 for TRXo and NFU proteins, ACA34 for
IscS) equilibrated with a Tris NaCl buffer. After dialysis against a 30 mM Tris-HCI pH 8.0 buffer and
concentration, the interesting fractions were loaded to a DEAE (diethylaminoethyl) sepharose column
equilibrated with the same buffer. The recombinant TRXo proteins that passed through the DEAE
column, were concentrated by ultrafiltration under nitrogen pressure (Amicon cells, YM10 membrane),
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and were stored in the same buffer in the presence of 50% glycerol at —20 °C. On the contrary, NFU
and IscS proteins were retained and eluted using a linear 0-0.4 M NaCl gradient. The purest fractions
as judged by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis were
pooled and dialyzed against 30 mM Tris-HCI pH 8.0 buffer as described above.

Protein concentrations were determined spectrophotometrically using a molecular extinction
coefficient at 280 nm of 11,585 M~ em ™~ for TRXo1, TRX02, and NFUS5; of 11,460 M~! em ™! for TRX02
cysteine variants; of 13,075 M~1 ecm~1 for NFU4; and of 41,495 M~ cm~! for IscS, as determined from
the molar extinction coefficients of individual tyrosines, tryptophans, and cystines (1490, 5500, and
125M 1 em L, respectively) [34].

The other recombinant proteins used in this work e.g., NTRB and GRXS15 from A. thaliana have
been purified as described previously [35,36].

2.3. Preparation of Apo-TRXs o and IscS-Mediated In Vitro Fe-S Cluster Reconstitution of TRXs o

Under strictly anaerobic conditions in a glove box, 200 uM untagged apo-TRXo isoforms (proteins
obtained after aerobic purification) were incubated with 100-fold excess of dithiothreitol (DTT) in Tris
NaCl buffer for 1 h. The Fe-S cluster reconstitution was then initiated by the addition of catalytic
amount of EcIscS (0.05 fold, 10 uM), five-fold excess of ferrous ammonium sulfate citrate (1 mM) and
finally five-fold excess of L-cysteine (1 mM). After 30 min of incubation, the Fe-S cluster-loaded TRXo
proteins were desalted on a G25 column equilibrated with Tris NaCl buffer.

2.4. Determination of the Oligomerization State

The oligomerization state of TRXo isoforms was analyzed by size-exclusion chromatography.
Samples containing 100 to 300 ug of protein were loaded onto Superdex S200 10/300 columns
equilibrated with 30 mM Tris-HCl pH 8.0, 200 mM NaCl and connected to an Akta purifier system
(GE Healthcare). The flow rate was fixed at 0.5 mL min~!, and detection was recorded at 280 and
420 nm. The column was calibrated using a molecular weight standard from Sigma. Protein names,
molecular weights and elution volumes are as follows: thyroglobulin 669 kDa, 8.47 mL; apoferritin
443 kDa, 10.51 mL; 3-amylase 200 kDa, 11.92 mL; bovine serum albumin 66 kDa, 13.56 mL; carbonic
anhydrase 29 kDa, 15.54 mL; cytochrome ¢ 12.4 kDa, 16.82 mL and aprotinin 6.5 kDa, 18.16 mL.

2.5. GRX- and TRX-Mediated Reduction of NFUs

Around 3 mg of NFU proteins were reduced using 10 mM DTT in 200 pL of 30 mM Tris-HCI pH
8.0 buffer for 1 h at 25 °C. The reduced proteins were then desalted on a G25 column pre-equilibrated
with 30 mM Tris-HCI pH 8.0 buffer. The redox state of untreated and reduced NFUs was determined
by electrospray ionization mass spectrometry analysis as described previously [37], and by a cysteine
alkylation assay, which also served for assessing reduction by the TRX and GRX reducing systems.
The TRX system reconstituted in vitro comprised 200 utM NADPH, 100 nM NTRB, and 1 or 10 pM
untagged TRXol or 02. The GSH/GRX system was composed of 200 uM NADPH, 0.1 units GR
from bakers’yeast (Sigma-Aldrich, St Louis MO, USA), 1 mM GSH and 1 or 10 pM GRXS15. Each
reducing system was incubated at 25 °C for 15 min prior addition of 10 pM of oxidized NFU4/5 in
50 uL of 30 mM Tris-HCl1 pH 8.0 buffer. The reaction was stopped after 15 min by the addition
of one volume of 20% TCA. Protein free thiol groups have been alkylated with methoxyl-PEG
(mPEG)-maleimide of 2 kDa as described previously [38], before separating the protein mixtures
on non-reducing 15% SDS-PAGE.

2.6. Crystallization, Diffraction Data Collection, Processing, Structure Solution, and Refinement

Crystallization at 4 °C was performed by a microbatch-under-oil method, in which 1 uL of the
protein solutions were mixed with an equal volume of the precipitant solution containing 100 mM
HEPES pH 7.5 and 20% PEG 8000 for TRXo1l and 100 mM citrate buffer pH 5.6, 30% PEG 4000
and 100 mM ammonium sulfate for TRXo2. Solutions of TRXo1l and TRX02 had concentrations of
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20 mg mL~! and 13 mg mL~!, respectively. Suitable crystals were soaked briefly in crystallization
solution supplemented with 20% glycerol and then flash-frozen immediately in a nitrogen stream
before data collection. X-ray diffraction experiments were carried out at 100 K on the French Beamline
for Investigation of Proteins—-Beam Magnet 30A (FIP-BM30A) at the European Synchrotron Radiation
Facility, Grenoble, France. The data sets at 1.80 and 1.50 A for TRXo1 and TRX02, respectively, were
indexed and processed using XDS [39], and scaled and merged with Aimless from the CCP4 program
package [40]. The initial protein model of TRX02 was built in ARP/wARP [41]. The crystal structure of
TRXo1l was solved by molecular replacement with the CCP4 suite program (MOLREP) [42], using the
structure of TRXo2 as a search model. Structures were refined (Table 1) with phenix.refine implemented
in the PHENIX package [43], with visual inspection and manual correction in Coot [44]. Structures
of TRXol and TRXo2 were refined to a crystallographic Ryyork and Reee of 0.22/0.24 and 0.17/0.18,
respectively, by using standard protocols, in which 5% of the reflections were used to continuously
monitor the Rgeo. The refined structures maintained excellent geometry and showed no outlier in
Ramachandran plots. The validation of the crystal structures was performed with MolProbity [45].

Table 1. Data collection and refinement statistics.

Data Collection AtTRXo1 AtTRXo02
Beam line FIP-BM30A
Space group P2,2124 P65
Cell dimensions
a,b,c (A) 37.15;39.24;79.34 70.81; 70.81; 35.75
B,y () a=p=y=90° o=p=90°y=120°

Resolution (A) 39.67—1.80 (1.84—1.80) 35.40—1.50 (1.53—1.50)
Rimerge 0.122 (0.242) 0.070 (0.432)
Rmmeas 0.131 (0.283) 0.075 (0.500)
Rpim 0.049 (0.145) 0.028 (0.251)
No. unique reflections 11,316 (653) 16,473 (814)
Mean I/ 0l 13.1 (3.7) 20.0 (3.1)
CCipn 0.996 (0.961) 0.997 (0.942)
Completeness (%) 100.0 (100.0) 99.4 (100.0)
Average redundancy 11.4 (7.0) 12.0 (7.3)
Refinement
Resolution (A) 39.67—1.80 35.40—1.50
Riree/ Ruwork 23.96/21.96 17.93/16.74
Total number of atoms 1848 1882
Water 130 92
Crystallographic B-factor
Overall B-factor (A2) 29.16 35.36
B-factor: molecule (A2) 28.88 35.35
B-factor: water (A2) 32.89 35.47
R.m.s deviations
Bonds 0.002 0.003
Angles 0.474 0.528
MolProbity analysis
Clashscore, all atoms 2.91 (99%) 0.00 (100%)
MolProbity score 1.40 (96%) 0.50 (100%)
Protein Data Bank entry 6G61 6G62

Values in parentheses refer to data in the highest-resolution shell. AtTRXo: Arabidopsis thaliana thioredoxin-o;
FIP-BM30A: French beamline for Investigation of Proteins-Bending Magnet section.
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3. Results

3.1. Arabidopsis thaliana TRXo Isoforms Exist in Two Forms upon Expression in E. coli

To characterize the structure-function relationship of TRXol and TRXo02, the mature forms
of these proteins were expressed in E. coli as untagged and His-tagged recombinant proteins by
removing respectively 82 and 47 residues at the N-terminus constituting their putative mitochondrial
targeting sequence. As observed for several related proteins of the GRX family [37,46], lysed bacterial
cells exhibited a slight but visible brownish color typical of the presence of an Fe-S cluster. After
purification in aerobic conditions, His-tagged recombinant proteins purified in one step displayed
a residual brownish color unlike untagged versions (data not shown). The reason was obviously
associated to the oxygen lability of the cluster and to the length of the purification procedure.
These observations prompted us to purify both His-tagged TRXs in anaerobic conditions to avoid
chromophore degradation. TRXo2 exhibited an UV-vis absorption spectrum comprising a broad
shoulder centered at around 400 nm and a band at around 300 nm that prolonged the polypeptide
absorption band at 280 nm (Figure 1A). This spectrum is usually typical of the presence of a [4Fe-45]
cluster [47,48]. Analytical gel filtration analyses demonstrated that TRXo2 (theoretical molecular mass
of ca 14.5 kDa) separated into two peaks, a major one with an estimated molecular mass of 12.9 kDa
and a minor one of 27.7 kDa suggesting that the purified protein solution contained both monomeric
and dimeric forms (Figure 1B). Furthermore, the Fe-S cluster, detected by the absorbance at 420 nm,
was only associated with the dimeric form (Figure 1B). Using a similar protocol, TRXo1 displayed a
nearly identical UV-vis absorption spectrum, albeit absorption bands in the visible region were much
less intense (Figure 1C). Moreover, TRXo1 (theoretical mass of ca 14.6 kDa) also separated into two
peaks when analyzed by analytical gel filtration, a major one with an estimated molecular mass of
12.9 kDa and a minor one of 24.8 kDa which corresponded to a apomonomer and a holodimer form,
respectively (Figure 1D). Altogether, these results indicate that both TRXo isoforms incorporate an
Fe-S cluster after heterologous expression in E. coli. Despite these similarities, it seems that the Fe-S
cluster in TRXol is either less-well maturated by the E. coli Fe-S cluster assembly machineries or more
oxygen-labile as cell lysis is performed in the presence of oxygen.
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Figure 1. Arabidopsis TRXo (thioredoxin-o) isoforms incorporate an Fe-S cluster after heterologous
expression in E. coli. UV-visible absorption spectra of His-tagged recombinant TRXo02 (A) and TRXo1
(C). Spectra were recorded after an anaerobic purification in 30 mM Tris-HCI pH 8.0. Analytical gel
filtration of His-tagged recombinant TRX02 (B) and TRXo1 (D), purified in anaerobic conditions, was
performed by loading 100 to 300 ug of protein onto a Superdex S200 10/300 column. The presence of
the polypeptide and of the Fe-S cluster have been detected by the absorbance at 280 nm (blue line) and
420 nm (red line), respectively.

3.2. IscS-Mediated In Vitro Fe-S Cluster Reconstitution in Arabidopsis TRXo Isoforms

As purified recombinant Arabidopsis TRXo isoforms existed predominantly under apoforms, we
sought to prepare samples by performing in vitro enzymatic Fe-S cluster reconstitution experiments in
the presence of the E. coli cysteine desulfurase IscS. Untagged apo-TRXol and TRXo2 (Figure S1) were
incubated anaerobically with an excess of L-cysteine and ferrous ammonium sulfate, and a catalytic
amount of IscS for 1 h. Both reconstituted TRXol and TRXo2 exhibited an UV-visible absorption
spectrum (Figure 2A,B) similar to the one observed for as-purified proteins but with more intense
absorption bands around 300 and 400 nm relative to the one at 280 nm. Analytical gel filtration
analyses demonstrated that both TRXol and TRXo2 still separated into two peaks, one with an
estimated molecular mass of 25 kDa and another one of 12.9 kDa (Figure 2C,D). The smaller peak
around 14 mL corresponds to IscS protein as deduced from the comparison with the analytical gel
filtration performed with an IscS concentration similar to the one used for reconstitution (Figure S2).
Although the peak containing the dimeric TRX holoforms was more prominent, monomeric forms
were still present in the reconstituted samples. The presence of an absorbance at 420 nm associated
with the monomeric TRXo1 may be due to the fact that thiol groups of DTT present in the reconstitution
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mixture served as ligands. These results indicated that IscS-mediated in vitro reconstitution increased
the content of Fe-S clusters in both TRXo isoforms but we could not find conditions to get fully-repleted
Fe-S cluster-loaded forms that would allow an accurate analytical titration of Fe and labile sulfide
contents. A rough evaluation of the Fe-S cluster content in TRXs o was performed from the absorption
band at 410 nm by comparison with data obtained with a fully replete ferredoxin-thioredoxin reductase
(FTR) an enzyme, which also contains a [4Fe-4S] center. Indeed, the UV—visible absorption spectra of
FTRs purified from different organisms consistently exhibited an A419/Asgg ratio of 0.42 and molar
extinction coefficient values at 410 nm of 17,400 and 15,000 M~ cm~! were determined for spinach
and corn FTRs [49]. From the comparable Ay4jp/Apgy ratio in the UV-visible absorption spectra of
TRXs o and FTR and an averaged molar extinction coefficient value at 410 nm of 16,000 M~ cm~! as
determined for FTRs, we could deduce that there is ca 30 uM of Fe-S cluster in each TRX o sample
formed by a mixture of monomer and dimer. On the other hand, using the theoretical molar extinction
coefficients at 280 nm, we estimated that TRX o samples contained approximately 85-90 uM TRXo
monomers (Figure 2A,B). Hence, considering that the Fe-S cluster is bridged into TRX o dimers, we
concluded that about two-thirds of the proteins are replete with an Fe-S cluster.
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Figure 2. IscS-mediated in vitro Fe-S cluster reconstitution of Arabidopsis TRXo isoforms. UV-visible
absorption spectra of TRXo2 (A) and TRXol (C) before (red line) and after (blue line) an anaerobic
reconstitution performed in the presence of IscS in Tris NaCl buffer. Analytical gel filtration of
reconstituted TRXo2 (B) and TRXo1 (D) was performed by loading 100 to 300 ug of protein (including
10 uM of EclscS) onto a Superdex S200 10/300 column. The presence of the polypeptide and of the Fe-S
cluster have been detected by the absorbance at 280 nm (blue line) and 420 nm (red line), respectively.
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3.3. Both Active Site Cysteines of TRXo2 Are Required for Fe-S Cluster Incorporation

The existence of Fe-S cluster-bridged TRX isoforms were previously observed for the atypical TRX
isoform (IsTRP) from the human pathogen Echinococcus granulosus [50], and E. coli TrxA variants with
CACC and CACA active site motifs [51]. The cysteines of the active site signature of ISTRP proved to
be essential for cluster binding. Among potential Fe-S cluster ligands, both TRXs o have in common
the two active site cysteines but no extra cysteine. To investigate the role of these cysteines for Fe-S
cluster ligation, His-tagged C37S and C40S variants of TRXo2 were purified under anaerobiosis. Unlike
TRX02, no coloration was visible on as-purified TRX02 C37S and C40S variants and accordingly no
other absorption band than the one centered at 280 nm was detected on their UV-vis absorption spectra
(Figure 3A). Analytical gel filtration experiments revealed that the TRXo2 C37S variant separated as a
single peak with an apparent molecular mass of 12.2 kDa likely corresponding to an apomonomer,
whereas a small additional peak (15.8 mL, 24.9 kDa) was observed for the TRXo02 C40S variant, which
likely contained a covalent dimeric form with Cys® of two monomers forming an intermolecular
disulfide (Figure 3B,C). Altogether these results suggest that the substitution of Cys* and Cys*
hampered Fe-S cluster incorporation in TRXo2 underlying that both cysteines are required for Fe-S
cluster binding.
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Figure 3. Monocysteinic variants of Arabidopsis TRX02 isoform are mostly apo-monomers. UV-visible
absorption spectra of His-tagged recombinant TRXo2 C37S (red line) and C40S (black line) (A) recorded
after an anaerobic purification in 30 mM Tris-HCl pH 8.0. Analytical gel filtration of His-tagged
recombinant TRXo2 C37S (B) and C40S (C) purified in anaerobic conditions, was performed by loading
100 to 300 ug of protein onto a Superdex S200 10/300 column. The presence of the polypeptide
and of the Fe-S cluster have been detected by the absorbance at 280 nm (blue line) and 420 nm (red
line), respectively.
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3.4. TRXo1 and TRXo2 Possess the Structural Properties of TRX Family Members

To definitely confirm the identity of the Fe-S cluster ligands and decipher the other structural
features of TRXo isoforms for which there is no known 3D structure solved so far, we tried to crystallize
under nitrogen atmosphere both TRXo1 and TRXo2 holoforms. Crystals have been obtained for both
proteins but it turned out that they were not colored and contained only apoforms. TRXo1 crystallized
in the orthorhombic space group P2;2;2; whereas TRXo02 crystallized in the hexagonal system and
belonged to space group P6s. Well-diffracting crystals of TRXo1l and TRXo2 were obtained with one
molecule per asymmetric unit (a.s.u) with Matthews’s coefficient (Vm) values of 2.3 A3 Da"! and
2.0 A3 Da! corresponding to solvent contents of 46% and 40%, respectively. Their structures were
determined by molecular replacement at high resolution of 1.80 and 1.50 A, respectively. In both
protein structures, almost all residues were well defined in the electron density map, except the first
two residues (Met! and Glu?) of TRXo1, which were disordered (amino acid numbering refers to the
mature protein without its mitochondrial presequence).

Both proteins adopt the overall TRX fold (faxfxfBafpx) with all regular secondary structure
elements preserved and consisting of a central core with a twisted five-stranded 3-sheet in which (34 is
antiparallel to the others (Figure 4A,B). This 3-sheet is capped on one side by «1 and «3 helices and
on the other side by o2 and «4 helices (Figure 4B). All secondary structures of these proteins (TRXo1
numbering) are B1 (Val®>-Val®), a1 (Ser!°-GIn??), B2 (Ser?8-Thr?), a2 (Gly®-Tyr>*), 3 (Thr-Asp®®),
o3 (Gly®8-Leu”®), B4 (Thr®3-Lys®), p5 (Ser?’-Val®’), and a4 (Asp!®-Lys!!3). TRXs generally contain
a buried Asp?! near Cys* residue, which is replaced by Tyr®! in Arabidopsis TRXo isoforms as in
Anabaena Trx2 [52]. The position of the sidechain hydroxyl of Tyr®! corresponds very closely to a
water-mediated hydrogen bonding between the classical Asp and the Cys*’ Sy. In TRXo1 and TRX02
X-ray structures, the distance between the sidechain hydroxyl of the Tyr?! and the Cys*’ Sy atom are
3.76 and 5.51 A, respectively, too far away for an interaction.

The Cys®” and Cys* residues are found at the end of the a2-helix, the Cys*’ residue being buried
compared to Cys®. Close examination of the resultant Fo-Fc electron density maps revealed a negative
density between Cys® and Cys* in TRX02, and additional positive density in the opposite sides of
Sy atoms. Refinements, using PHENIX and Coot in an iterative manner, indicated that this effect is
an artifact of data collection (radiation damage), due to partial reduction of the disulfide bond by the
X-ray beam during data collection. The distances between Cys®” and Cys*’ Sy atoms are 2.03 and 2.05
A in TRXo01 and TRX02, respectively. They represent the typical length of disulfide bonds, suggesting
that both TRXo isoforms were crystallized in an oxidized form. Hence, we modeled all the cysteine
pairs as forming intramolecular disulfide bonds (Figure 4C).

130



Antioxidants 2018, 7, 142 11 of 21

A Bl al B2 o2

— —

30 40

10 20 50
AtTRXol ... .NGVYLV E)gy T NEAM O DGSLPSVFYFTAAWCGPCRIEYIISPVINMYELS)|EOYPDV
AtTRXo2 SHMRSSFWYVL AJRYN SENL INDGSLPSVFYFTAAWCGPCRMMISPVIMELSIBNYPDVT

p3 a3 p4 Bs a4
—_ 000000000 = =
80 90 100 110

60 7

(o}
AtTRXol [na:avarkdslefe T IIBKLNMAVPTLEIFFKGGHE EENMVGED VESNL KNAAMEQ L YK
AtTRXo2 (g Q'arRgehefell, INIEKLN\WASIAVP T L{OJF F KG G\ INERRV GIYD VI L KENME QL Y K

Figure 4. Three-dimensional structure and sequence conservation of oxidized Arabidopsis TRXo
isoforms. (A) Structure-based sequence alignment of Arabidopsis TRXo isoforms. Conserved residues
are highlighted in black. (B) Three-dimensional structure of AtTRXo02 at 1.50 A resolution. The X-ray
structure of AtTRXo2 is shown as a ribbon representation with helices in red and strands in yellow.
In addition, the side chains of Cys® and Cys*’ residues are shown as sticks. (C) Electron density
around the Cys¥-Cys*’ disulfide bond. The maps shown are cA-weighted 2mF,-DF, maps contoured
at 1.20 (0.07 and 0.38 e/ A3 for AtTRXol and AtTRX02, respectively). AtTRXol and AtTRXo2 are
colored in white and black, respectively.

3.5. TRXo1 and TRXo2 Structures Are Not Strictly Superimposable

TRXol and TRXo02 share high levels of sequence identity and similarity (74% and 97%,
respectively) (Figure 4A) and their crystal structures are quite similar and overlay well (RMSD of 0.9
A) (Figure 5A). Nevertheless, a fine comparison of both structures revealed two regions presenting
significant structural differences. The first area corresponds to the active site loop, which protrudes on
one side of the molecule to the N-terminus of a2-helix (Figure 5A). The region containing Trp3¢-Phe?*?
residues including the WCGPC signature in TRXo1 has a different conformation to that in TRXo02 and
is shifted by approximately 1.9 A. Trp® and Arg*! residues are involved in contacts with symmetric
molecules through hydrogen bond stabilization. In both proteins, the carbonyl oxygen of Trp>® forms
a hydrogen bond with the N atom of Lys'?®® (2.81 A in TRXol and 3.15 A in TRX02). The NH1
guanidinium nitrogen of Arg41 is hydrogen-bonded to the carbonyl oxygen of Ser’ (2.85 A) in TRXo1
and to the carbonyl oxygen of Ala'? (3.50 A) in TRX02. This regional difference around the active site
is near crystal contacts and may be attributable to different crystal packing interactions. On another
note, the fully refined TRXo1 structure contains 130 water molecules whereas the TRXo02 structure
includes 92 water molecules, of which 51 have equivalent positions in TRXo1. Despite the high degree
of conservation of both primary and tertiary structures between TRXol and TRXo2, only 39% and
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55% of the water molecule positions are conserved indicating probable differences in the charge state
distribution. Even though TRXo1l was crystallized at pH 7.5 whereas TRX02 was crystallized at pH 5.6,
which may explain differences in the solvation shell, TRX02 would be more positively charged than
TRXo1 in a pH range between 5 and 10 (Figure 5B). With a pH value of 8.1 £ 0.2 for the mitochondrial
matrix of A. thaliana [53], the global charge of TRXo1 and TRXo02 in vivo should be quite different with
values of —1 and +2, respectively. The differences in the distribution of the electrostatic potential on
the TRXo1 and TRXo2 surfaces at pH 8.1 are however not located in the area surrounding the active
site (Figure 5C). The second divergent area involves Gly®®-Thr”? residues (Figure 5A) with an RMSD of
2.6 A. This area surrounds the «3-helix upstream of the conserved cis-Pro%? residue, which is located at
the N-terminus of 34-strand. The increase of the crystallographic B-factor along the amino acid chain
for TRXo1 (65.33 A2) and TRX02 (68.91 A?) (Figure 5D), indicates that this part is flexible. Altogether,
this may hint to a capacity of TRXo isoforms to interact with different partner proteins.
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Figure 5. Structural features vs. charge and crystallographic B-factor distribution. (A) Structure
superposition of the backbone trace of Arabidopsis TRXo isoforms. AtTRXol and AtTRXo2 are colored
in white and black, respectively. The two divergent areas are circled in red and blue, respectively. (B)
Global protein charge of AtTRXo1 (red) and AtTRXo2 (blue) as a function of pH as indicated by the
PDB2PQR Server [54]. The dot line corresponds to pH 7.0. (C) Electrostatic potential mapped onto
AtTRXo1 (left) and AtTRXo2 (right) structures at pH 8.1. The WCGPC signature residues are circled in
black. (D) Flexibility of AtTRXo1 (black) and AtTRXo2 (blue) related to the crystallographic B-factor.
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3.6. Oxidized NFU4 and NFU5 Are Reduced by TRXo Isoforms but Not by GRXS15

With the aim of confirming novel TRXo partners, we examined the 101 putative TRXo1 partners
identified in a previous proteomic analysis performed by affinity chromatography using a TRXol
C40S variant and mitochondrial protein extracts [22]. The DTT-dependent elution of these proteins
suggests that these TRX partners were trapped because they existed under oxidized forms, which led
to the formation of mixed-disulfide intermediates with the TRXo1 variant. Among these proteins, we
focused our attention on two proteins, NFU4 and NFUS, involved in the late steps of the maturation of
Fe-S proteins and acting as Fe-S cluster transfer proteins. These proteins possess a CxxC motif, the
cysteines of which being responsible of the transient ligation of the Fe-S cluster. Thus, they have to be
reduced to receive the Fe-S cluster from other maturation factors.

The mature forms of both NFU proteins have been expressed in E. coli and purified aerobically.
As expected, signs for the presence of an Fe-S cluster were initially visible, but both NFU4 and NFU5
were found as apoproteins at the end of the purification. They have three cysteines including those
of the CxxC motif. To determine their oxidation state, mass spectrometry analyses were performed
with NFU4 and NFUS either untreated or reduced by a DTT excess and dialyzed (Figures S3 and 54).
A single species was obtained for both untreated proteins but it presented a mass decrease of ca 131 Da
compared to their theoretical molecular masses (Table 2). This difference corresponds undoubtedly to
the cleavage of the first methionine as expected from the presence of an alanine at the second position.
An increase of around 2 Da in the molecular masses of reduced proteins likely corresponded to the
gain of two protons indicating the existence of an intramolecular disulfide bond in as-purified proteins
(Table 2).

Table 2. Electrospray ionization mass spectrometry analysis of untreated and reduced NFU proteins

Protein Theoretical Theoretical Size Untreated Treated with Mass Difference upon
Size (Da) without Met (Da) DTT Reduction (Da)

NFU4 22,167.9 22,036.7 22,035.1 22,037 .4 +2.3

NFU5 21,823.5 21,692.3 21,690.9 21,693.0 +2.1

The mass accuracy is generally & 0.5 Da.

To examine the ability of the various reducing systems found in mitochondria to reduce oxidized
NFU proteins, untreated NFU4 and NFU5 were incubated with TRX or GSH/GRX reducing systems.
Subsequent alkylation of thiol groups with 2 kDa mPEG maleimide and separation on non-reducing
SDS-PAGE allowed visualizing the redox state of the proteins (Figure 6). After 15 min reaction, the
NADPH/GR/GSH system was clearly unable to reduce oxidized NFU proteins and adding the sole
mitochondrial GRX, GRXS15, did not improve the reduction. On the contrary, in the presence of
NADPH and NTR, both TRXo isoforms reduced completely oxidized NFU proteins when added at
equimolar concentrations (Figure 6). Adding more catalytic amounts of TRXs o by decreasing the
relative concentrations of TRXs o vs. NFUs to 1:10 still allowed an efficient reduction of both NFUs,
although this was not complete (Figure S5). In the presence of a NADPH/NTR regeneration system,
GRXS15 was still not able to reduce oxidized NFUs (Figure S5). These in vitro data indicated that
the reduction of oxidized mitochondrial NFU isoforms, would this oxidation occur under specific
physiological conditions, would depend on the TRX system but not on GSH/GRX or NTR/GRX
systems. No difference between both TRXs o was visible using this assay.
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Figure 6. The disulfide bridge of mitochondrial NFUs (nitrogen-fixation-subunit-Us) is reduced by
TRXs o but not GRXS15. The reduction of as-purified, oxidized forms of NFU4 (A) or NFU5 (B) was
assessed after a 15 min incubation in the presence of the following reducing systems: NTR: NADPH +
NTR; TRXo1l: NADPH + NTR + TRXo1; TRX02: NADPH + NTR + TRX02; GR/GSH: NADPH + GR
+ GSH ; GRXS15: NADPH + GR + GSH + GRXS15. After alkylation with 2 kDa mPEG maleimide,
proteins were separated on non-reducing SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel
electrophoresis). Reduced (Red) and oxidized (Ox) proteins served as controls. The stars indicate the
alkylated (*) and non-alkylated (**) forms of the oxidoreductases in the respective regeneration systems
when visible.

4. Discussion and Conclusions

Compared to plastidial TRX isoforms, the molecular and physiological roles of mitochondrial
TRXo isoforms are uncertain although numerous mitochondrial proteins are known or assumed to
undergo reversible redox post-translational modifications and a hundred of putative TRXol partners
have been identified [22]. In A. thaliana, TRXol is the major TRXo isoform but A. thaliana trxol
and trxo2 single and double mutants have no pronounced phenotype [25,26]. Because previous
studies did not provide information about the redundancy or specificity of these isoforms, we have
decided to investigate the biochemical and structural properties of both proteins. Given that TRXo1
and TRXo2 have been previously purified as recombinant proteins [22], and possess the regular
WCGPC signature found in many TRXSs, it was completely unexpected that both recombinant proteins
formed homodimers bridging a [4Fe-4S] cluster using cysteines of the active site signature either upon
expression in E. coli or upon in vitro Fe-S cluster reconstitution experiments. To our knowledge, this
is the first report that a non-modified TRX incorporates a [4Fe-4S] cluster. Up to now, only a few
reports pointed to the capacity of proteins of the TRX superfamily to bind an Fe-S cluster but never a
[4Fe-4S] cluster in regular TRXs. A thioredoxin-related protein from the human pathogen Echinococcus
granulosus, ISTRP, was shown to bind a [2Fe-25] cluster using cysteines present in an atypical active
site signature (NCFAC) [50]. Two atypical PDI-A isoforms from poplar and Arabidopsis, formed
by a single domain and possessing a WCKHC signature, are able to bind a [2Fe-2S] cluster into a
homodimer using the cysteines present in this active site signature [55,56]. Several glutaredoxins can
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bind a [2Fe-25] cluster into homodimers using the first cysteine of the CxxC/S signature and the thiol
group of two glutathione molecules [37,46,57-59] Interestingly, S. cerevisine GRX5 also binds a [4Fe-45]
cluster in the absence of glutathione, using a cysteine present in the C-terminal part [48].

Besides these naturally-existing isoforms, several variants of E. coli or human TRX1 were shown
to bind various types of Fe-S cluster. By introducing two mutations, W28C and 175C, a mononuclear
[FeS4] cluster can be incorporated in E. coli Trx1 both in vitro and in vivo using also the two active
site cysteines, Cys®? and Cys> [60]. By searching proteins that could restore disulfide bond formation
when exported to the periplasm of strains lacking the entire periplasmic oxidative pathway, two E. coli
Trx1 variants with CACC and CACA active site motifs were shown to form Fe-S cluster-bridged
homodimers with the cysteines forming the CxC motif being essential for cluster ligation [51]. The
structure of an apo Trx1 CACA variant, where the cysteines thought to serve as ligands of the Fe-S
cluster are engaged in two intermolecular disulfide bonds, has been solved [61]. It seems that the
exposure of the second active site cysteine, generally buried in TRXs, caused by the unraveling of «2
helix may be sufficient to enable Fe-S cluster binding. Whether a similar change occurs in the structures
of TRXo is unknown. Last but not least, a [4Fe-45] cluster can be assembled into the hydrophobic core
of a monomeric E. coli Trx1 [62]. The polypeptide contained several substitutions for introducing the
Fe-S cluster binding residues (L24C, L42C, V55C, and L99C) and removing the two catalytic cysteines.
The incorporation was achieved into a fully reduced, partially unfolded protein (2 M urea treatment)
from a synthetic, preformed tetranuclear Fe-S cluster. In other words, it required drastic changes and
conditions. Very interestingly, in human TRX1, which possesses a regular WCGPC signature, the
simple mutation of the cis-Pro (P755/T/A) found in the active site of most TRX superfamily members
is sufficient to allow incorporation of a [2Fe-25] cluster into homodimers [63]. Among the five cysteines
present in human TRX1, it seems that Cys>? and the specific Cys’® are important for iron atom binding.
Introducing a glutaredoxin active site (CSYC) into human TRX1, without substituting the cis-Pro,
allowed Fe-S cluster incorporation. Hence, all these mutagenesis studies performed using E. coli Trx1
and human TRX1 suggested that the combination of a WCGPC active site motif and a cis-Pro prevented
the active site cysteines from binding an Fe-S cluster. However, both Arabidopsis TRXs o have these
two features and the capacity to bind an Fe-S cluster indicating that other factors come into play. In
order to understand the structural factors that favor Fe-S cluster incorporation into TRXs o, we sought
to solve their structures but could only get information on the apoforms so far.

Although both TRXs o display globally similar structures, interesting observations have been
made when the 28 residues varying between Arabidopsis TRXo isoforms were mapped onto AtTRXol
X-ray structure. These non-conserved residues are solvent exposed and outside the highly conserved
area (Figure 7A) comprising the WCGPC active site motif and residues that surround it. However, half
of these non-conserved residues is potentially involved in protein—protein interactions (Figure 7B) as
determined by a comparison with already characterized complexes involving thioredoxin homologs.
These 14 non-conserved residues are mainly located on the same face of the protein (comprising
a3-helix, the loop between a3 and 34, 35-strand, and «4-helix) with marked differences in the surface
charge distribution (Figure 5C, left panels). The fact that (i) this region is involved in the interaction
between TRXs and other proteins [64], (ii) that at mitochondrial pH, TRXo1 (calculated plI of 6.22)
would be negatively charged whereas TRXo2 (calculated pI of 10.12) would be positively charged and
(iii) that interactions between TRX and their partners are mostly electrostatic could point to a distinct
ability of both TRXs o to interact with their partners. However, whether TRX02 could have specific
partners is unknown as only TRXo1 was used to isolate putative partners so far and both isoforms have
not been systematically tested with the same proteins. Using the two identified mitochondrial Fe-S
cluster maturation factors, NFU4 and NFU5, we could not demonstrate a difference between TRXo1
and TRXo2, both being able to efficiently reduce the intramolecular disulfide formed on NFUs, unlike
GRXS15. However, regardless whether a specificity exists, the fact that several ISC factors (NFS1,
ISCAA4, ISU1) involved in the maturation of Fe-S proteins in mitochondria were identified as putative
partners of TRXol1 [22], raises the question of whether TRXo isoforms are involved in the reduction of
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these proteins in specific conditions where they can become oxidized. Indeed, most proteins involved
in the maturation of Fe-S proteins, including NFU4 and NFUS, possess critical cysteine residues that
have to be under a reduced state to bind their Fe-S cluster. Interestingly, the recent work that aimed
at isolating TRX partners in Chlamydomonas reinhardtii identified several proteins belonging to the
Fe-S cluster assembly machinery in chloroplasts (SUF machinery) such as NFU1/2/3, SUFB/C/D,
and SUFS but also the mitochondrial NFS1 and several Fe-S proteins [65]. This may be fortuitous
because these proteins have exposed and reactive cysteines when they do not bind Fe-S clusters but a
control of their redox state by TRX isoforms might add a light-dependent regulation to the maturation
of Fe-S proteins in chloroplasts. For instance, the reduction of an oxidized form of Arabidopsis
GRXS16, a presumed SUF component, is achieved by the plastidial FTR/TRX system [66]. Hence, a
TRX-dependent control of the redox state of proteins involved in Fe-S cluster biogenesis may be a
unified picture among organelles and organisms.
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Figure 7. Thioredoxin interfacing residues. (A) Residue conservation among 500 thioredoxin orthologs
of AtTRXo1l and AtTRXo2 using the ConSurf server [67] with the UniRef90 database (www.uniprot.org/
uniref/). Residues are colored in white to purple, for least to most conserved residues. The conserved
WCGPC motif is circled in black. (B) AtTRXol and AtTRXo2 sequences were blasted against the
PDB to find protein—protein interactions involving thioredoxin homologs. 44 complexes were found
using an E-Value Cutoff of 0.001. AtTRXo1 and AtTRXo2 non-conserved residues potentially involved
in protein—protein interactions were mapped onto the X-ray structure of AtTRXol. In each case the
residue position, and the amino acids in one letter code for AtTRXo1l and AtTRXo2 are shown (ex:
78-1V; position 78, isoleucine and valine found in AtTRXol and AtTRXo2, respectively). The area
comprising «3-helix, the loop between a3 and 4, 35-strand, and «4-helix is colored in yellow.
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In summary, this study might point to a connection between TRXo isoforms and the ISC assembly
machinery. Although the E. coli ISC machinery seems able to perform the maturation of a [4Fe-4S]
cluster on both Arabidopsis TRXs o, the maturation is not complete, even though these TRXs are
expressed at moderate levels, at least comparable to some Fe-S proteins that are completely maturated.
Evidence that the plant ISC system is also competent for this maturation and that an Fe-S cluster is
present on these TRXs in a cellular context are now necessary to give more credence to a physiological
role of holoforms of TRXs o. The capacity to interact with NFU4/5 and ISCA2 [22], which are the
maturation factors responsible for the delivery and insertion of preformed [4Fe-4S] clusters into client
proteins, is already a good indication. As the catalytic cysteines constitute the ligands of the Fe-S cluster,
TRXo holoforms should not exhibit reductase activity, which was confirmed for IsTRP that is unable to
reduce efficiently insulin [52]. Thus, as previously proposed for human Grx2 [68], the formation of
an Fe-S cluster on TRXs o may be a convenient regulation mechanism of their reductase activity, at
least for a certain pool of proteins. In the absence of a light control as for chloroplastic TRXs, having
an inactive pool of labile Fe-S cluster-bridged TRXs may be a rapid and convenient way to adjust
the redox metabolism during adverse conditions. In addition to other confirmed stress-responsive
proteins—such as PRX IIF [7] and AOX [22]—targets that require TRXo reduction may include ISC
maturation factors as NFU4/5.
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FigureS1. Purity of recombinant AtTRXo1 and AtTRXo02. Sample proteins (10 ug) were separated by 15% SDS-
PAGE and stained with Coomassie Brilliant Blue.
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Figure S2. Analytical gel filtration of E. coli IscS. This analysis was performed by loading 100 pg of protein onto
a Superdex 5200 10/300 column. The presence of the polypeptide and of the PLP cofactor have been detected by
the absorbance at 280 nm (blue line) and 420 nm (red line), respectively.
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Figure S3. Electrospray ionization mass spectrometry analysis of NFU4. Mass spectrum of NFU4 protein
determined for an untreated (A) or a reduced protein (B) as described in the “Materials and Methods” section.
Species with a mass of 22,0351.1 and 22037,4 Da represent oxidized and reduced forms, respectively. Other
species with sodium or Tris adduct are visible (species with a mass of 22,056.8 and 22,057.6 Da).
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Figure S4. Electrospray ionization mass spectrometry analysis of NFU5. Mass spectrum of NFU5 protein
determined for an untreated (A) or reduced protein (B) as described in the “Materials and Methods” section.
Species with a mass of 21,690.9 and 21693.0 Da represent oxidized and reduced forms, respectively. Other species
with sodium or Tris adduct are visible (species with a mass of 21,714.7 Da, 21,812.5 and 21,813.3 Da).
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Figure S5. The disulfide bridge of mitochondrial NFUs is reduced by NTR/TRXo system but not by
NTR/GRXS15 system. The reduction of as-purified, oxidized forms of NFU4 (A) or NFU5 (B) was assessed after a
15 min incubation in the presence of the following reducing systems: NTR: NADPH + NTR ; TRXo1l: NADPH +
NTR + TRXol ; TRX02: NADPH + NTR + TRXo02 ; GRXS15: NADPH + NTR + GRXS15. The ability of these three
oxidoreductases to reduce NFU proteins was evaluated using either 1 uM or 10 uM. After alkylation with 2 kDa
mPEG maleimide, proteins were separated on non-reducing SDS-PAGE. Reduced (Red) and oxidized (Ox)
proteins served as controls. The stars indicate the alkylated (*) forms of the oxidoreductases in the respective
regeneration systems when visible.
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Table S1. Primers used for cloning and site-directed mutagenesis experiments. The Ncol, Ndel and BamHI
restriction sites used for cloning are underlined in the primers. The mutagenic codons are in bold.

Name Sequence

TRXol for 5 CCCCCCCCATATGGAAAATGGTGTTGTTCTA 3
TRXol1 rev 5 CCCCGGATCCTCACTTGTAGAGCTGTTC 3

TRXo2 for 5 CCCCCCCCATATGCGATCCAGCTTTGTAGTG 3’
TRXo2 rev 5 CCCCGGATCCTCACTTGTAGAGTTGTTC 3

TRXo2 C37S for 5 TTCACTGCCGCATGGTCTGGACCTTGCAGGCTT 3
TRX02 C37S rev 5 AAGCCTGCAAGGTCCAGACCATGCGGCAGTGAAZ
TRXo02 C40S for 5 GCATGGTGTGGACCTAGCAGGCTTATCTCTCCT3’
TRXo2 C40S rev 5 AGGAGAGATAAGCCTGCTAGGTCCACACCATGC3
NFU4 for 5 CCCCCATGGCTTTTATCCAAACCCAATCA 3’

NFU4 rev 5 CCCCGGATCCCTACTCTACTCTCATCTC &

NFUS for 5 CCCCCATGGCTTTTATCCAAACC 3’

NFUS5 rev 5 CCCCGGATCCTCACTCCATTGGACCAGA ¥

IscS for 5 CCCCCCCCATATGTACGGAGTTTATAGAGCA 3
IscS rev 5 CCCCGGATCCTTAATGATGAGCCCATTC 3’
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Chez les plantes supérieures, des analyses phylogénétiques ont permis d’identifier 9 classes de
protéine disulfure isomérases (PDI) qui different par leur organisation structurale et la présence
de domaines spécifiques. Cette étude présente la caractérisation biochimique de trois PDIs chez
Populus trichocarpa ayant des organisations structurales bien distinctes et appartenant a trois
classes différentes de PDIs. La PDI-A est composee d'un seul module catalytique appelé domaine
a comportant un repliement TRX avec un site actif WCKHC, tandis que les PDI-M et PDI-L1a
présentent respectivement une organisation a’-b-b'-a et a’-a-b. Les deux isoformes PDI-L1a et
PDI-M possedent une activité oxydase et réductase vis-vis de différents substrats classiquement
utilisés pour 1’étude de cette famille protéique. Par contre, aucune activité n’a été mise en
évidence pour I’isoforme PDI-A. De maniére inattendue, cette protéine incorpore un centre de
type [2Fe-2S] au sein d’un homodimére aprés expression dans Escherichia coli. La signification
physiologique de cette spécificité et un lien avec la fonction in vivo de cette isoforme sont
inconnus. Enfin, des analyses biochimiques approfondies démontrent 1’importance des domaines
a et b (nombre et position) sur les propriétés redox et la reconnaissance des substrats respectifs de
ces PDls.
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Abstract

Protein disulfide isomerases are overwhelmingly multi-modular redox catalysts able to per-
form the formation, reduction or isomerisation of disulfide bonds. We present here the bio-
chemical characterization of three different poplar PDI isoforms. PDI-A is characterized by a
single catalytic Trx module, the so-called a domain, whereas PDI-L1a and PDI-M display an
a-b-b’-a’ and a’-a-b organisation respectively. Their activities have been tested in vitro using
purified recombinant proteins and a series of model substrates as insulin, NADPH thiore-
doxin reductase, NADP malate dehydrogenase (NADP-MDH), peroxiredoxins or RNase A.
We demonstrated that PDI-A exhibited none of the usually reported activities, although the
cysteines of the WCKHC active site signature are able to form a disulfide with a redox mid-
point potential of -170 mV at pH 7.0. The fact that it is able to bind a [Fe,S5] cluster upon
Escherichia coli expression and anaerobic purification might indicate that it does not have a
function in dithiol-disulfide exchange reactions. The two other proteins were able to catalyze
oxidation or reduction reactions, PDI-L1a being more efficient in most cases, except that it
was unable to activate the non-physiological substrate NADP-MDH, in contrast to PDI-M.
To further evaluate the contribution of the catalytic domains of PDI-M, the dicysteinic motifs
have been independently mutated in each a domain. The results indicated that the two a
domains seem interconnected and that the a”module preferentially catalyzed oxidation
reactions whereas the a module catalyzed reduction reactions, in line with the respective
redox potentials of -170 mV and -190 mV at pH 7.0. Overall, these in vitro results illustrate
that the number and position of a and b domains influence the redox properties and sub-
strate recognition (both electron donors and acceptors) of PDI which contributes to under-
stand why this protein family expanded along evolution.
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Introduction

Oxidative protein folding is an essential process, occurring generally in oxidizing sub-cellular
compartments, and which is required, in particular, for the maturation and assembly of
newly synthesized secreted and membrane proteins. In the periplasm of prokaryotes, the pro-
teins responsible for the formation and isomerisation of disulfide bonds belong to the Dsb
(DiSulfide Bonds) protein family. This protein family is composed of several members
referred to as DsbA to DsbL [1, 2]. The major actors, conserved in many bacteria, are the
DsbA-DsbB couple which is involved in oxidation reactions, the DsbC-DsbD couple in iso-
merisation reactions, DsbE or CcmG in cytochrome ¢ maturation and DsbG in the reduction
of sulfenic acids [2-4]. In eukaryotes, the proteins responsible of the oxidative protein folding
are essentially found in the endoplasmic reticulum (ER) and in the intermembrane mito-
chondrial space. In the ER, the proteins involved belong mostly to the endoplasmic reticulum
oxidase (ERO) and protein disulfide isomerase (PDI) families [5]. In addition, proteins
named quiescin sulthydryl oxidases (QSOX) displaying oxidase activity in vitro are also pres-
ent in this compartment and various physiological functions were proposed for QSOX [6-8].
In the mitochondrial intermembrane space, the oxidation of cysteines is ensured by the
Mia40-Erv1 disulfide relay [9].

All PDI, as well as some Dsb members, belong to the thioredoxin (Trx) superfamily display-
ing a common structural fold named the Trx fold [10, 11]. All PDI possess at least one Trx
domain referred to as a or b domain which consists of about 100 amino acids and adopts a Trx
fold. The difference is that a modules exhibit a catalytic active site (most frequently WCGHC)
whereas b modules do not possess the typical CxxC catalytic motifs but instead are thought to
be important for substrate recognition [12, 13]. The isoforms usually differ by the number and
the positions of a and b domains and by the active site signature of a domains. The classical
PDI isoforms, which are present in all eukaryotic organisms, possess four modules with an a-
b-b’-a’ organisation. Several PDI isoforms possess a more limited number of domains as well
as additional domains that have been evolutionary added and which likely confer specific func-
tions to the isoforms possessing them [5].

PDI constitute a multigenic family composed of 5 genes in yeast and up to 20 genes in
human [14, 15]. In photosynthetic organisms, PDI cluster into 9 classes (A, B, C, D, E, F, L, M
and S), 3 are specific to algae (D, E, F), 1 is specific to land plants (A) and the 5 others are pres-
ent in both phyla [5, 16-19]. Land plants possess around 10 members [5]. Some soybean PDI
isoforms belonging to classes L, M and S play essential roles in seed and pollen maturation and
development [17-22]. The plastidial form of a Chlamydomonas reinhardtii PDI-L is involved
in the redox-dependent transcriptional regulation in the chloroplast [23]. A maize PDI-A pro-
tein is accumulated in response to an ER stress, but, in contrast to classical PDI, it might not
reside in the ER or only transiently [16]. It was also recently proposed that the Hordeum vul-
gare PDI5.1 isoform, a PDI-A, is involved in the susceptibility toward various bymoviruses
and particularly the barley yellow mosaic virus [24]. However, very little is known concerning
the biochemical and physiological properties of many plant PDI.

Thus, the aim of this study was to compare the biochemical properties of three poplar PDI
(PDI-A, PDI-L1a and PDI-M) exhibiting different domain organisations and belonging to
three different classes, by examining in particular their in vitro reductase and oxidase/isomer-
ase activities using both physiological and non-physiological substrates. For poplar PDI-M, a
deeper analysis was performed using proteins with mutated active site cysteines in order to
investigate the importance of each catalytic domain for the oxidation or reduction of disulfide
bonds. The data indicated that, although the redox potentials of the two modules of PDI-M are
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very close, each Trx module preferentially performed specific reactions, the a° domain being
rather competent for oxidation and the a domain for reduction.

Material and methods

Cloning, site-directed mutagenesis, production and purification of
recombinant proteins

The sequences encoding poplar PDI-L1a (Potri.002G082100.1), PDI-M (Potri.014G160000.1),
PDI-A (Potri.009G004500.2) were amplified from leaf cDNAs of Populus trichocarpa x Populus
deltoides for PDI-L1a and P. trichocarpa for PDI-M and PDI-A, and cloned into pET3d for
PDI-Lla or into pET-15b for PDI-M and PDI-A. In order to express proteins in their mature
forms, the 21, 23 and 26 N-terminal amino acids corresponding to the putative ER targeting
sequences in PDI-L1la, PDI-M and PDI-A respectively were removed. The primers used for
cloning and site-directed mutagenesis (PDI-A K56G, PDI-M C36/C39S and C165/C168S) are
listed in Table 1. Recombinant plasmids were used to transform the Escherichia coli BL21
(DE3) pSBET strain. The culture conditions were as described in [25]. The purification of
PDI-Lla consisted in a succession of ammonium sulfate precipitation, ACA44 gel filtration
and DEAE Sephacel chromatography as described [25]. The purification of His-tagged PDI-M
and PDI-A variants was performed by affinity chromatography on IMAC columns (Sigma
Aldrich) from the soluble fraction obtained after a 30 min centrifugation (27,000 x g) of cells
lysed by sonication. The washing buffer was 30 mM Tris-HCI pH 8.0, 300 mM NaCl, 10 mM
imidazole and the elution buffer was 30 mM Tris-HCI pH 8.0, 300 mM NaCl, 250 mM imidaz-
ole. All proteins were finally dialyzed against a 30 mM Tris-HCl pH 8.0, 1 mM EDTA, 200
mM NaCl buffer by ultrafiltration on YM10 membranes and concentrated. The same proce-
dure was applied for the anaerobic purification of PDI-A in the glove box except that imidazole
was removed by desalting on a G25 column and the protein was concentrated using 500 pL
centricon centrifugal filters omitting EDTA in the buffer. Protein concentrations were deter-
mined using molar extinction coefficients at 280 nm of 39,100 M ' cm™" for PDI-L1a, 55,265
M~ em™ for PDI-M, 55,140 M™" em ™" for PDI-M C36/C39S and PDI-M C165/C168S, 21,220
M cm™ for PDI-A and PDI-A K56G.

Table 1. Oligonucleotides used in this study for cloning and site-directed mutagenesis experiments.

name sequences
PDI-L1a for 5/ CCCCCCATGGCTGAGGATGAATCAAAGGAGTAC 37
PDI-L1arev 5’ CCCCGGATCCTCAAAGTTCATCTTTAGCTGT 3
PDI-M for 5’ CCCCCCCCCATATGCTATATGGGCCTTCATCICCT 37
PDI-M rev 5’ CCCCGGATCCTTATAACTCATCCTTGCTTCC 3/
PDI-M C36/39S for 5’ GCACCATGGTCTGGGCACTCTAAAGCTCTC 3/
PDI-M C36/39S rev 5’ GAGAGCTTTAGAGTGCCCAGACCATGGTGC3’
PDI-M C165/168S for 5’ GCACCTTGGTCGGGTCACTCTAAGAAACTGGCT3”
PDI-M C165/168S rev 5’ AGCCAGTTTCTTAGAGTGACCCGACCAAGGTGC3”
PDI-A for 5’ CCCCCCCCCATATGGTTATAACCCTAACTCCT 3
PDI-A rev 5’ CCCCGGATCCTCACAAATCTTTATCATAGCC 3"
PDI-A K56G for 5’ TGTGTTCCCTGGTGTGGGCATTGTAAGAATTTG 37
PDI-A K56G rev 5’ CAAATTCTTACAATGCCCACACCAGGGAACACA 37

Restriction sites are underlined.

https://doi.org/10.1371/journal.pone.0174753.t001
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Oligomerization state determination of PDI-A

The oligomerization state of PtPDI-A was analyzed using an AKTA Purifier system equipped
with a Sephadex75 10-300 column (GE Healthcare). 100 pg of fresh anaerobically-purified
proteins reduced in the presence of a 10-fold DTT excess at room temperature was loaded on
the column at a flow rate 0.5 ml min-1, and detection was recorded at 280 and 420 nm. The
columns were calibrated using the 29-700 kDa molecular weight standards (Sigma).

Determination of the redox midpoint potential

Oxidation-reduction titrations using the fluorescence of adducts formed between the protein
and monobromobimane (mBBr) were carried out at ambient temperature as described previ-
ously [26, 27]. The 500 ul reaction mixtures contained 100 pg protein in 100 mM HEPES-
NaOH buffer pH 7.0, together with defined mixtures of oxidized and reduced glutathione to
set the ambient potential (E;,) with an overall concentration in glutathione of 2 mM. After 2h
incubation at 25°C, excess mBBr was added and incubated in the dark for 1 h. mBBr labelled
proteins were precipitated with TCA 20% (v/v), incubated 15 min on ice and centrifuged 15
min at 13,000 rpm. Pellets were washed with 1 volume of 2% TCA by centrifugation (15 min,
13,000 rpm) and then resuspended in 300 pl Tris-HCI 1 M, SDS 2% during 30 min. Protein
solutions were then diluted to a final volume of 2.2 ml and mBBr fluorescence emission was
measured at 480 nm using a Cary Eclipse spectrofluorimeter after excitation at 350 nm. Fluo-
rescence emission values were then plotted against Eh value for each sample with QtiPlot soft-
ware and fitted with Boltzmann sigmoid preset parameters.

RNase A oxidative refolding

RNase A reduction and denaturation was performed in 200 ul of 100 mM Tris-HCl pH 8.0
containing 6 M guanidine, 73 mM DTT and 7.3 mM native bovine RNase A (Sigma Aldrich),
for 1 hat 37°C. Excess DTT was removed with a desalting column (Sephadex G25) equili-
brated with 30 mM Tris-HCI pH 8.0, 1 mM EDTA and 1% acetic acid. The RNase A concen-
tration was determined using a molar extinction coefficient at 280 nm of 9,800 M em™. The
effective full reduction of RNase A was confirmed with DTNB (5,5 -dithio-bis-2-nitrobenzoic
acid, 13,600 M' cm™") confirming the expected number of 8 thiols per RNase A molecule.
RNase A refolding was assessed by incubating 50 uM of reduced and denatured RNase A for
15 min in a 300 pl mixture containing 30 mM Tris-HCI pH 8.0, 1l mM EDTA, 1 mM GSH, 0.2
mM GSSG with or without 3 pM PDI. For RNase A activity measurement, 50 pl of refolding
mixture were added every 5 min to 450 pl of 30 mM Tris-HCI pH 8.0, 1 mM EDTA containing
2.5 mM cytidine 2°,3’-cyclic monophosphate (cCCMP). RNase A recovered activity was esti-
mated by following the increase of absorbance at 296 nm resulting from the hydrolysis of
cCMP to CMP [28].

Insulin and 5,5’-Dithio-Bis-2-Nitrobenzoic Acid (DTNB) reduction

Insulin reduction was measured using 5 pM poplar Trx h1 or PDI as in [29]. The non-enzy-
matic reduction of insulin by DTT was used as a control. The ability of PDI to catalyze the
reduction of DTNB in the presence of Arabidopsis thaliana NADPH-thioredoxin reductase B
(AtNTRB) was measured at 25°C by monitoring the increase in absorbance at 412 nm caused
by the release of thionitrobenzoate (TNB™). The reaction medium contained 30 mM Tris-HCI
pH 8.0, 1 mM EDTA, 200 uM NADPH, 2 uM AtNTRB, 100 uM DTNB and 0.2 uM PDI.
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PDI-mediated recycling of 2-Cys Peroxiredoxin (Prx)

The PDI-dependent recycling of A. thaliana 2-Cys Prx was measured using a NADPH-coupled
spectrophotometric method at 25°C as described previously [30]. The assays were carried

out in a total volume of 500 pl containing 30 mM Tris-HCI pH 8.0, 1 mM EDTA, 200 uM
NADPH, 1 pM AtNTRB, 5 uM At2-Cys Prx, 100 uM H,0, and 2.5 uM PDI. The decrease in
absorbance was followed at 340 nm. The peroxidase activity was determined after subtracting
the spontaneous reduction rate observed in the absence of PDI.

NADP-Malate Dehydrogenase (NADP-MDH) activation

The purification and activation test of NADP-MDH from Sorghum bicolor are as described in
[31]. The activation mixture (200 ul) contained 500 pM DTT, 5 uM PDI or Trx h1l used as a
control and 10 pg recombinant NADP-MDH in 100 mM Tris-HCI pH 8.0 buffer. It was incu-
bated at 25°C for 15 min. Every 5 min, an aliquot of 20 pl was added to 480 pl of standard reac-
tion mixture containing 100 mM Tris-HCI pH 8.0, 190 uM oxaloacetate, and 800 uM
NADPH. Activities were measured by following the decrease in absorbance at 340 nm.

Quantification of iron and sulfide contents

Protein concentrations of PDI-A have been estimated using the bicinchoninic acid (BCA) pro-
tein assay (Interchim) using bovine serum albumin as a standard. For iron measurements,
known concentrations of PDI-A prepared in 130 pl are mixed with 90 ul of 1 M perchloric
acid (PCA). After 15 min incubation at room temperature, the reaction mixtures are centri-
fuged at 10,000 x g for 5 min. Then, 144 pl of 3.15 mM bathophenantroline-disulfonic acid,
72 ul of 192 mM sodium ascorbate and 152 pl of 6.2 M ammonium acetate are sequentially
added to 180 pl of the supernatant. The reaction mixtures are incubated 30 min at room tem-
perature and centrifuged at 10,000 x g for 5 min. The absorbance ratio between 535 and 680
nm is determined for each sample including the standard curve (from 0 to 150 uM) made
using a 500 uM ammonium iron(II) sulfate solution prepared by a 1/20 dilution from a 10
mM solution prepared in 1 N HCL.

For sulfide measurements, known concentrations of PDI-A prepared in 100 pl are mixed
with 300 pl of 1% zinc acetate, immediately followed by the addition of 15 ul of NaOH 3N. The
solution is vigorously mixed and incubated at room temperature for 10 min. Then, 75 pl of a
0.1% N,N-dimethyl-p-phenylenediamine (DMPD) solution prepared in HCI 5N are added,
immediately followed by the addition of 16 ul of a 23 mM iron chloride solution prepared in
HCl 1.2 N, and the mixture is vigorously mixed. The reaction mixture is then incubated for 30
min (standard curve) or 3h (samples) at 4°C. All samples are centrifuged 5 min at 10,000 x g
and the sulfide concentration is determined by measuring the absorbance at 670 nm. The stan-
dard curve (0 to 100 uM) is prepared from a 200 pM Li,S solution prepared by a 1/100e dilu-
tion from a 20 mM stock solution prepared in 0.3 N NaOH.

Results

The three selected poplar PDI have particular sequence characteristics
and domain organisations

In order to analyze the biochemical properties of PDI with different domain organisations,
three poplar isoforms referred to as PDI-L1a, PDI-M and PDI-A have been selected for an in-
depth analysis [5]. PDI-L1la and PDI-M are multi-modular proteins composed of 4 and 3
domains respectively but both proteins possess two a domains containing the conventional
WCGHC active site signature (Fig 1A and 1B). On the contrary, PDI-A exhibits a single a
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Fig 1. Sequence characteristics and domain organisation of characterized poplar PDI isoforms and their plant orthologs. A.
Modular organisation of poplar PDI-L1a, PDI-M and PDI-A. Boxes in light grey and dark grey indicate redox active (a*, a’or a) and inactive
(bor b) Trx modules, respectively. Additional letters indicate the amino acids important for the redox properties. The presence of classical
(KDEL) ER retention signals are represented in a light grey egg-shaped form. The unusual DK[D/E]L C-terminal sequence found in PDI-A is
represented in white. B. Amino acid sequence alignment of the catalytic a modules from PDI-L1a, PDI-M and PDI-A isoforms belonging to
At, Arabidopsis thaliana (AtPDI-A, At1g07960; AtPDI-L1a, At1g21750; AtPDI-M1, At1g04980; AtPDI-M2, At2g32920); Pp, Physcomitrella
patens (PpPDI-A, Phpat.006G010400; PpPDI-L1, Phpat.015G023600; PpPDI-M, Phpat.004G043700); Pt, Populus trichocarpa (PtPDI-A,
Potri.009G004500; PtPDI-L1a, Potri.002G082100; PtPDI-M, Potri.014G160000) and Zm, Zea mays (ZmPDI-A, GRMZM2G073628;
ZmPDI-L1a, GRMZM2G091481; ZmPDI-M, GRMZM2G389173). The Trx modules were delimited according to Pfam only database (http://
pfam.sanger.ac.uk/) and the alignment was built using ClustalW algorithm at the NPSA web portal (http:/npsa-pbil.ibcp.fr). Output of this
alignment was made with the ESPript web portal (http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi). Amino acids strictly conserved appear in
black whereas partially conserved amino acids are indicated in light grey. Cysteines of the active site signature are indicated with stars, The
E, K, R residues also represented in the panel A and possibly involved in the modulation of the cysteine pKa are indicated by triangles.

https://doi.org/10.1371/journal.pone.0174753.9001

domain with a modified WCKHC signature, which is also found in land plant orthologs. It is
interesting to note that ancestral PDI-A relatives found in Selaginella moellendorffii and Phys-
comitrella patens have the regular WCGHC signature.

Besides active site residues, there are 5 additional strictly conserved residues, a Phe and a
Leu at positions -5 and +6 compared to the catalytic Cys, the cis-Pro conserved in all oxidore-
ductases having a Trx fold, and a Tyr and an Arg in the C-terminal part. This Arg was pro-
posed to modulate the pKa of the C-terminal active site Cys, necessary for the PDI reoxidation
step, by moving into and out of the active site, depending on the catalytic step [32]. Two other
residues, a Glu and a Lys, highlighted in Fig 1A and 1B, are involved in the modulation of the
N-terminal active site cysteine pKa at least in E. coli Trx1 [33]. Whereas they are strictly con-
served in poplar PDI-L1a (Es,/Kgg and E397/K431), only the Glu is conserved in the two a
domains of PDI-M, the Lys being replaced by an Ala (Ags) or a His (H,,3) in the a° and a mod-
ules respectively. None of them is conserved in PDI-A. All these observations raise the
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question of whether the redox properties of the atypical PDI-A and PDI-M are influenced by
these variations in sequence and domain organisation.

Among atypical PDI, PDI-A is inactive and PDI-M is less efficient than
the regular PDI-L1a

After producing in E. coli all three proteins devoid of their putative N-terminal ER targeting
sequences and purifying them to homogeneity, the classical test used for measuring PDI activ-
ity i.e., the oxidative refolding of a reduced and denatured RNase A, has been used for an initial
comparison of their respective activity. PDI-L1a was the most efficient protein, as, after an
incubation time of 15 min, it allowed the recovery of ca 90% of the activity relatively to the one
observed with native RNase A (Fig 2A). At the same time, RNase A activity recovery was only
60% in the presence of PDI-M whereas the results obtained with PDI-A were similar to the
reaction achieved by omitting PDI, indicating that the latter did not promote oxidation reac-
tions, at least with RNase A.

Then, the capacity of all these PDI to catalyze the reduction of disulfide bridges instead of
promoting their formation was analyzed by measuring insulin reduction, which is accompa-
nied by its precipitation as measured by recording absorbance at 650 nm. In this test, PDI-L1la
was the most efficient protein, even more than poplar Trx h1, with the reduction starting after
0.5 and 4 min respectively at concentrations of 5 uM (Fig 2B). PDI-M can also perform insulin
reduction but, as in the previous assay, it was less efficient than PDI-L1a or Trx h1. PDI-A was
not able to reduce insulin at all. Considering the presence of two catalytic domains in PDI-Lla
and PDI-M, the better reducing activity of PDI-L1la compared to PDI-M could suggest that
both catalytic domains of PDI-L1a possess reductase activity whereas only one PDI-M domain
may be efficient. Moreover, independently of the rate of the reaction, the fact that the turbidity
was lower is the case of both PDI compared to Trx h1 might indicate that not all insulin disul-
fide bonds are reduced by PDIL.

Finally, since a variety of PDI can be efficiently reduced by a NADPH/NADPH thioredoxin
reductase (NTR) system, we examined whether PDI can be reduced by the A. thaliana NTRB
isoform using DTNB as an electron acceptor. Although this is presumably not the physiologi-
cal reductant of ER-targeted PDI, PDI-A does not have the typical ER-retention signal con-
trary to PDI-L1a and PDI-M and such a system would be extremely convenient afterwards for
measuring the reducing capacity of PDI by using usual Trx targets. As in the other assays,
PDI-L1la was more efficient than PDI-M and PDI-A was inactive (Fig 2C).

Atypical PDI have redox midpoint potentials adequate for an
oxidoreductase activity

Besides structural considerations, the redox properties of oxidoreductases are also governed by
the pKa of the catalytic cysteines and the redox potential of the catalytic disulfides. Since
PDI-A was inactive in all assays and possessed a particular active site signature and differences
are observed among PDI, we sought to evaluate the redox potentials of both atypical PDI,
PDI-A and PDI-M. It is well documented that the nature of the spacing residues between the
two cysteine residues influences the redox potential values of proteins of the Trx superfamily
[34, 35]. Hence, for PDI-A, a K56G variant, the active site sequence of which was changed
from WCKHC to the regular WCGHC signature, has been produced and characterized. The
E,, value of PDI-A was determined to be -170 mV + 5 mV whereas the one measured for
PDI-A K56G was -150 mV + 5 mV (Fig 3A). However, the observed 20 mV increase for the
PDI-A K56G variant did not allow acquiring oxidoreductase activity since it was also inactive
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Fig 2. Comparative analysis of the oxidoreductase activities of poplar PDI isoforms. A. Oxidative
refolding of RNase A. Results are represented as percentages of activity relative to the activity of native
RNase A (nRNase A). The reduced RNase A (rRNase A) was tested alone or upon incubation with PDI-L1a,
PDI-M or PDI-A for the indicated times. Measurements were made in triplicate and error bars indicate
standard deviation. B. Insulin reduction. It was assessed by measuring the turbidity at 650 nm caused by the
precipitation of insulin upon reduction with DTT alone or supplemented with 5 uM PDI-L1a, PDI-M, PDI-A or
Trx h1. The reaction curve shown is representative of at least three independent repetitions. C. PDI reduction
by AtNTRB. DTNB reduction was followed at 412 nm in the presence of NADPH, AtINTRB alone or with
PDI-L1a, PDI-M or PDI-A. The PDI have been added after 30 seconds. The reaction curve shown is
representative of at least three independent repetitions.

https://doi.org/10.1371/journal.pone.0174753.9002
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potential of PDI-A (solid line) and PDI-A K56G (dotted line). B. Redox midpoint potential of the a (solid line)
and a’ (dotted line) modules of PDI-M measured using the PDI-M C36/39S and PDI-M C165/168S variants
respectively. The titrations were carried out using a total glutathione concentration of 2 mM in the redox buffer
and with a redox equilibration time of 2 h, before labelling free protein thiols by mBBr.

https://doi.org/10.1371/journal.pone.0174753.9003

in all assays used previously (RNase A refolding, insulin and DTNB reduction) (data not
shown).

For PDI-M, the redox potentials of the disulfide formed by the cysteine residues found in
both a domains was measured after producing two variants corresponding to the full-length
protein but where the dicysteinic WCGHC motif of each a domain was substituted by a
WSGHS motif. Using PDI-M C165/168S and PDI-M C36/39S variants, E,, values of -170
mV +5mV and of -190 mV + 5 mV have been determined for the catalytic disulfides found in
the a®and a domains respectively (Fig 3B). The PDI-M C165/168S variant will be thereafter
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referred to as PDI-M(a®) since only the a® domain possesses cysteines susceptible to provide
the oxidoreductase activity and the PDI-M C36/39S variant as PDI-M(a) for the same reasons.

PDI-A incorporates a [Fe»S,] cluster upon expression in E. coli

The absence of activity for PDI-A was intriguing. By comparing E. coli cell pellets after centri-
fugation, we observed a darker colour for the one expressing PDI-A. For this reason, the pro-
tein was purified under anaerobic conditions. The UV-visible absorption spectrum of the
purified brownish protein exhibited two peaks around 320 and 420 nm and a shoulder at 460
nm which are likely characteristic of the presence of an iron-sulfur (Fe-S) cluster of the [Fe,S;]
type (Fig 4A). The analytical measurement of iron and sulfide contents revealed 1.28 + 0.13 Fe
atoms and 1.10 £ 0.05 S atoms per monomer. Analytical gel filtration experiments showed a
small part of aggregated protein and two major, not well separated, peaks with elution volumes
at 7.91, 12.65 and 15.5 ml respectively (Fig 4B). Considering the theoretical molecular mass of
PDI-A of ca 15 kDa, the peak at 12.65 ml corresponding to an apparent volume of ca 115 kDa
may be interpreted as an octameric form and the one at 15.5 ml corresponding to an apparent
volume of ca 27 kDa may be interpreted as a dimeric form. Both peaks contained PDI-A with
Fe-S cluster as attested by the presence of the absorbance at 420 nm. Altogether, although,
PDI-A seems to exist under various oligomeric forms, these results could be consistent with
PDI-A binding a [Fe,S,] cluster into a dimer. The association of dimers may lead to this higher
oligomeric form. Further spectroscopic analyses are however needed for a definitive assess-
ment of the type(s) of cluster that PDI-A can incorporate.

The two catalytic domains of PDI-M do not possess equivalent
oxidoreductase properties

In subsequent experiments, we focused our effort on the atypical PDI-M. Using PDI-M(a®)
and PDI-M(a) variants, we have investigated the contribution of each catalytic domain to the
PDI-M redox properties using the same assays i.e., RNase A oxidative refolding, DTNB and
insulin reduction, but also by testing activities typical of Trx i.e., the capacity to activate the
chloroplastic NADP-MDH, a well-characterized redox-regulated chloroplastic protein catalyz-
ing the conversion of oxaloacetate to malate, and to sustain the peroxidase activity of a chloro-
plastic Prx belonging to the 2-Cys Prx subgroup by regenerating the reduced active form of the
protein.

In the RNase A refolding assay, PDI-M(a°) presented an efficiency comparable to the one
of PDI-M whereas PDI-M(a) exhibited only 50 to 60% of this activity after 15 minutes (Fig 5).
This suggested that the a° module is likely the major contributor for the oxidase activity mea-
sured with the intact protein and that there may be a partial compensation by the second
domain in the absence of the catalytic cysteines of the a® module.

Then, the reductase activity of the respective PDI-M domains was tested by assessing their
capacity to reduce insulin and to activate NADP-MDH in the presence of DTT. In the insulin
reduction assay, PDI-M(a) was more efficient than PDI-M(a°) (Fig 6A). In this case, the fact
that the activity of both domains was decreased compared to the activity of PDI-M suggests
that both domains contribute to the reductase activity of PDI-M although with different effi-
ciencies. In the NADP-MDH activation assay, we observed that PDI-M was the only PDI rep-
resentative able to activate the enzyme since PDI-A (data not shown) and PDI-L1a were
unable to do that (Fig 6B). This was quite surprising taking into account the unfavourable ther-
modynamic barrier, NADP-MDH possesses disulfides with very negative redox potential,
around -300 mV at pH 7.0 [36]. However, the observed activation was less efficient compared
to the one observed at identical concentrations with Trx h1 used as a reference. The two
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Fig 4. The recombinant PDI-A binds an Fe-S cluster. A. UV-visible absorption spectrum between 260 and
600 nm of anaerobically purified PDI-A. The blow-up shows absorbance bands between 310 and 510 nm
characteristics of a [Feo-Sy] cluster and a picture of a tube containing the protein in its holoform. B. Analytical
size-exclusion chromatography performed on a Sephadex S75 10-300 column using 100 pug and a 30mM
Tris-HCI pH 8.0, 200 mM NaCl buffer. The black curve corresponds to the absorbance at 280 nm and the red
curve at 420 nm.

https://doi.org/10.1371/journal.pone.0174753.g004

PDI-M domains presented different reactivities toward oxidized NADP-MDH, PDI-M(a) was
even slightly more active than PDI-M whereas PDI-M(a®) was less active (Fig 6B). Altogether,
these data indicated that the a module is a more efficient reductant than the a° module.

The properties of PDI-M domains have been further examined using the DTNB assay and
AtNTRB as an electron donor. The PDI-M(a°) domain was as efficient as PDI-M whereas
PDI-M(a) was only very poorly able to promote DTNB reduction (Fig 7A). To check whether
this was due to the inability to be reduced by NTR or to reduce DTNB, insulin reduction assays
have been performed with the NADPH/NTR system as the electron supplier instead of DTT
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as percentages relative to native RNase A (nRNase A) for the indicated time. The activity of the reduced and
denatured RNase A (rRNase A) was tested alone or after incubation with PDI-M, PDI-M(a") or PDI-M(a).
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https://doi.org/10.1371/journal.pone.0174753.g005

(Fig 7B). The absence of activity for PDI-M(a), which was in fact the most efficient for insulin
reduction when DTT was used as a reductant, obviously indicates that the a domain is not or
only poorly reduced by NTR and that the catalytic disulfides of PDI-M are asymmetrically tar-
geted by NTR. On the other hand, insulin reduction by PDI-M(a°) was less efficient than by
PDI-M (Fig 7B). Since PDI-M(a°) and PDI-M had comparable efficiency for DTNB reduction,
these results indicate that mutating the active site cysteines of the a domain may somehow
affect the redox properties of the a° module (possibly at the level of the 3D structure or of sub-
strate recognition (here insulin)) which incidentally suggests that these two adjacent domains
are connected.

Finally, we have taken advantage of the NADPH-coupled NTR reduction system to exam-
ine the reduction of Prx by PDI-M. Indeed, it was shown recently that an ER-targeted human
2-Cys Prx (PrxIV) can accept electrons from two PDI isoforms, P5 and ERp46 [37, 38].
Although there is no evidence yet that a 2-Cys Prx is targeted to the ER in plants, we tested the
biochemical capability of PDI-M to reduce the chloroplastic Arabidopsis 2-Cys Prx (At2-Cys
Prx). As shown in Fig 8, PDI-M promoted the regeneration of At2-Cys Prx in the presence of
the NADPH-NTR system as an electron donor. As expected from its poor reduction by
AtNTRB, the PDI-M(a) was almost inefficient, only ca 10% activity was retained compared to
PDI-M. The PDI-M(a°) retained about 50% activity. Such a decrease may again indicate that
having mutated the active site cysteines of the a module impacted the a° module reactivity.

Discussion

Protein disulfide isomerases are versatile proteins catalyzing the reduction, formation and/or
isomerisation of disulfide bonds in vitro and also possibly in vivo depending on the substrates,
on their subcellular localizations and/or on the cellular and subcellular redox potentials. In
connection with these elements and with the variety of substrates, there are multiple PDI with
variable module arrangements which provide the necessary flexibility in the PDI activity pat-
tern [39-41]. For multi-modular proteins, each domain could ensure a “specific” function. As
an example, the b” module of mammalian ERp57 or PDI proteins, which is redox inactive, is
essential for substrate or chaperone partner recruitment [13, 15, 42, 43]. By comparing the bio-
chemical properties of plant PDI belonging to three different classes and with different
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Fig 6. Reductase activity of the PDI-M catalytic domains. A. Insulin reduction was assayed by measuring
the turbidity at 650 nm caused by its precipitation upon reduction using DTT alone or in the presence of 5 yM
Trx h1, PDI-M, PDI-M(a"), PDI-M(a). As in Figs 3 and 5, PDI-M(a‘) and PDI-M(a) refers to the PDI-M C165/
168S and PDI-M C36/39S variants respectively. B. Activation of NADP-malate dehydrogenase. The
NADP-MDH activity was followed by measuring the NADPH-coupled oxaloacetate conversion at 340 nm after
a pre-incubation of the purified recombinant protein with DTT alone (solid line, squares) or in the presence of
Trx h1 (solid line, diamonds), PDI-L1a (solid line, triangles) PDI-M (dotted line, crosses), PDI-M(a") (dashed
line, circles) and PDI-M(a) (dashed line, crosses) for the indicated time. The results have been represented as
percentages relative to the maximal reactivation obtained with Trxh1 after 15 min. Measurements were made
in triplicate and error bars indicate standard deviation.

https://doi.org/10.1371/journal.pone.0174753.9006

modular organisation, we also brought elements indicating that the catalytic domains within a
given PDI or between PDI do not have the same redox properties.

What is the biochemical function of the single module PDI-A?

Using the battery of substrates tested, we did not detect any oxidase or reductase activity for
the atypical mono-module PDI-A, which raises the question of its physiological role and
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Fig 7. Reduction of the PDI-M catalytic domains by AINTRB as assayed using DTNB and insulin. A.
DTNB reduction assay. Representative kinetic curves obtained in the presence of NADPH and AtNTRB alone
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partners. First, considering the DKDL C-terminal sequence, divergent from classical ER reten-
tion signals (very often KDEL or KEEL), the question of its subcellular localization is still
open. It is worth mentioning that human ERp18, a small mono-domain PDI was shown to
exhibit an oxidase activity on synthetic peptides [44]. However, despite their comparable mod-
ular organisation, PDI-A and ERp18 might not be true orthologs, exhibiting only ca 15%
sequence identity. Proteins involved in oxidation reactions usually exhibit redox potentials
ranging from less than -100 mV for some prokaryotic DsbA proteins to -180 mV for the a
modules of classical PDI [41, 45, 46]. Hence, the E,, value of -170 mV determined for PDI-A is
clearly compatible with oxidation reactions and should not be the reason for the absence of
activity. So, why is PDI-A inactive? A first possible explanation could be that the transit pep-
tide has been cleaved at an unfavourable position, eliminating some N-terminal residues
essential for activity. However, this seems unlikely since we have cleaved only 26 amino acids
in a region which is not conserved and without predicted secondary structure and the protein
is fully soluble. Hence, the absence of reactivity is more likely linked to specific differences in
the sequence of PDI-A compared to other PDI.
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First, the CVPWCKHC active site signature which is conserved in PDI-A orthologs
replaces the usual [Y/FJAPWCGHC (Fig 1). We initially thought that the presence of a
charged residue between the two cysteines might be strongly unfavourable. However, we
have observed that the atypical WCKHC, although influencing the redox midpoint potential,
was not responsible for the absence of activity. In fact, there are many other sequence varia-
tions that would explain the lack of oxidoreductase activity. First, the FA or YA pair, found
in the above-mentioned signature and usually quite conserved in PD], is replaced by a CV
pair. Then, among the three residues (Glu, Lys, Arg, highlighted in Fig 1) susceptible of con-
tributing to the lowering the pKa of the catalytic cysteines in some Trxs, only the Arg is pres-
ent in PDI-A [32, 33, 47]. The two other residues (Glu, Lys) are replaced by residues with an
opposite charge (Lys, Glu) in PDI-A (Fig 1A). From its absence in PDI-M and the work per-
formed on E. coli Trx1, the Lys does not seem to be as important as the Glu and might thus
not be absolutely required [33]. Besides these sequence variations, it is still possible that we
have not used proper substrates yet in our in vitro assays and that this protein possesses
highly specific physiological partners. Alternatively, it may have evolved to play a completely
different function, unrelated to dithiol-disulfide exchanges. The observation that PDI-A can
incorporate a [Fe,S,] cluster was totally unexpected because this has to our knowledge never
been observed for a PDI member. It appears a bit less surprising when taking into account
that proteins sharing the same thioredoxin fold, i.e. some thioredoxins or glutaredoxins,
including the ER-targeted GRX6 isoform of S. cerevisiae, are able to do this [48-51]. How-
ever, the physiological relevance of this observation is unclear and it remains to be investi-
gated whether such cluster is not an artefact linked to E. coli expression and can indeed be
formed in plant cells. It would also be important to determine the subcellular localization of
the protein, because Fe-S cluster maturation systems are only found in organelles and in the
cytosol, not in the ER [52].
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Does the domain organisation of PDI confer them different biochemical
properties?

The second aim of the study was the biochemical characterization of a poplar PDI-M isoform
possessing an a°-a-b domain organisation quite different from the a-b-b™-a’ of the classical and
well-characterized PDI-L. In particular, the organisation of the catalytic domains in tandem
raises the question of their respective contribution to protein reactivity and of their possible
connectivity. The latter point is in fact one of the unsolved questions for most PDI, although
such cooperativity has been proposed based on the U shape arrangement of the four Trx
domains of the yeast PDI1p, very similar to DsbC or DsbG [41]. We have compared the
PDI-L1a and PDI-M capacity to reduce insulin and NADP-MDH or to oxidize NTR and
RNase-A. It was previously reported that some PDI can act as oxidants of NTR or in other
words that NTR can reduce oxidized PDI [53].

Except for the NADP-MDH activation assay, where it was not active at all, PDI-L1a was
always more efficient than PDI-M in all other assays measuring reductase or oxidase activities.
This difference of activity observed with poplar proteins is similar to what was recently
observed with rice orthologs, indicating that this may be a general feature of these two classes
[40]. The better efficiency of PDI-L1a, in particular in reduction assays, may be explained by
the strict conservation of the charged amino acids required for decreasing the pKa of the N-ter-
minal catalytic cysteine. Indeed, both a modules of PDI-L1a possess the usual Glu and Lys resi-
dues, whereas both domains of PDI-M contain the Glu but an Ala and a His in the a°and a
modules respectively (Fig 1). That PDI-L1a was inactive towards NADP-MDH whereas PDI-M
exhibited noticeable activities could possibly derive from a natural tendency to interact with
non-folded or folded proteins respectively. Indeed, it was shown for mammalian enzymes that
PDI-L interact directly with misfolded or unfolded proteins via the mediation of a hydrophobic
patch in the b’ module, whereas P5 proteins, the mammalian PDI-M orthologs, are partners of
the BiP chaperone, a folded protein, which is thought to bring mis-oxidized/misfolded proteins
to P5 for their correct oxidative folding [54]. Hence, by analogy and despite a lower “intrinsic”
reductase activity compared to PDI-L1la, PDI-M could interact with and promote the activation
of native proteins such as NADP-MDH. In agreement with the difference observed in their in
vitro biochemical properties, it was shown by genetic studies that a rice PDI-M ortholog,
OsPDI2.3, and a rice PDI-L ortholog, PDIL1.1 do not have redundant functions in the ER, hav-
ing for instance different storage proteins as substrates in the endosperm [21].

These dual and opposite oxidase/reductase activities observed in vitro raise the question of
their physiological relevance and occurrence. The in vivo measurement of the redox state of
PDI in HEK-293 cells showed for instance a mixture of fully reduced (50%), fully oxidized
(16%) and partially oxidized forms of the a or 4’ modules (18/15%) [55]. These results indicate
first that neither of the two domains of this human PDI might exclusively catalyze substrate
oxidation or reduction, but also that the protein redox state may be adequate for both reac-
tions. This potential dual function has been nicely illustrated recently by demonstrating that
several PDI can reduce ER-resident proteins as 2-Cys Prx (PrxIV) or vitamin K epoxide reduc-
tase [37, 56-58]. This alternative route of PDI oxidation which would occur independently of
EROL1 protein i.e., without producing H,O,, should clearly decrease reactive oxygen species
formation in the ER [59].

Are there specific contributions and/or connections between the catalytic
domains in multi-domain PDI?

It is documented that the 4’ module (the C-terminal one) of a human regular PDI-L, which
presents the highest redox potential (ca -150 mV), possesses a preponderant oxidase activity
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toward reduced and scrambled RNase A [41]. Also, it was shown that only one of the catalytic
disulfides of this PDI is directly oxidized by Erola and with a slow turnover rate [39]. With
the above-mentioned evidence showing the complexity of assessing and interpreting the in
vivo redox state [55], these elements suggest that the presence of two catalytic a domains might
be important for the formation of native disulfides in proteins entering the secretory pathway
by ensuring either oxidase or isomerase reactions.

Although experiments have not been achieved with poplar PDI-L1a, we have observed such
a duality among the a domains in PDI-M. The a module, having the cysteine pairs with the
lowest redox potential (-170 mV) is the most efficient for reduction reactions (insulin,
NADP-MDH) (Figs 6 and 7). On the contrary, the a° module, having the cysteine pairs with
the highest redox potential (-150 mV), is more efficient for oxidation reaction than the a mod-
ule, promoting the recovery of RNase A activity similar to PDI-M levels. Accordingly, the a°
module of orthologs (rice PDI2,3 and mammalian P5) is also the major contributor in the oxi-
dative refolding of reduced or scrambled RNase A [40, 60]. In line with this observation, the a°
module can efficiently oxidize NTR contrary to the a module. The incapacity of the a module
to oxidize NTR or RNase A may relate to steric hindrance or unfavourable protein/protein
interactions rather than to thermodynamic factors, the redox potentials of both domains being
still rather close. The structure of the E. coli NTR-Trx complex indicated that Trx interacts
with NTR mostly via hydrophobic residues (W33, 160, G74 and 175) and via R73 [61]. By com-
paring all a domains of PDI-L1la and PDI-M, it is interesting to note that two of these five resi-
dues differ in the a domain of PDI-M compared to the three other a domains analyzed where
they are all strictly similar (not shown). Hence, it is tempting to attribute the inability of the a
domain of PDI-M to interact with NTR to these changes. Another possible explanation could
rely on steric factors. In PDI-L1a, if it adopts a regular structure, the two a domains should be
found at the extremity of the U-shape structure and thus be very likely accessible to NTR. On
the contrary, the fact that the two a domains in PDI-M are adjacent and that the a domain is
sandwiched between the a° and b domains may be problematic for the accessibility of NTR
which is an homodimer of two identical 35 kDa subunits.

In the course of these experiments and taking advantage of the fact that the a® module of
PDI-M is reduced by AtNTRB whereas the a module is not or very poorly, we have observed
some sort of cross-talk or interference between both domains. Indeed, PDI-M(a°) is as effi-
cient as PDI-M in the assay with the small DTNB molecule (Fig 7A) whereas it is much less
efficient with insulin and 2-Cys Prx, retaining about 50% activity (Fig 7B and 7C). Thus, it
may be that the presence of a redox active a module is needed for a maximal efficiency of the
a° module with some substrates. Alternatively, introducing cysteine substitutions in the a
module may have generated subtle conformational changes which hamper recognition of large
substrates by the a® module. These substitutions may have more impact in PDI-M because the
two catalytic domains are adjacent.
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L’import de la plupart des protéines au sein de 1’espace intermembranaire des mitochondries
(IMS) est couplé a leur repliement oxydatif, processus catalysé par les protéines MIA40 et ERV1.
Les données publiées concernant les orthologues de plantes suggéraient des différences
fonctionnelles importantes mais certains résultats, notamment les complémentations de mutants
de levure, paraissaient surprenants. Ce travail avait pour but de réexaminer la fonction
d’AtERV1. Les résultats obtenus démontrent la capacité de la protéine AtERV1 a complémenter
partiellement le mutant ervl de levure, contrairement a ce qui avait été publié. Cette
complémentation partielle est liée a I’incapacité d’AtERV1 a régénérer efficacement ScMia40 in
vivo bien que les protéines puissent interagir. De maniére originale, AtERV1 complémente aussi
un mutant mia40 de levure s’il est exprimé en présence d’une version de MIA40 dépourvue de
ses propriéetés redox mais conservant sa fonction de chaperon, indiquant qu’4AtERV1 est capable
d’oxyder certains substrats de MIA40 de levure in vivo. Cette particularité pourrait expliquer
I’absence de phénotype du mutant mia40 chez A. thaliana. Plus globalement, cette étude met en
lumiére I’existence de variations fonctionnelles dans le couple MIA40 et ERV1 chez les plantes
et étaye un modele évolutif intermédiaire ou MIA40 est présente (contrairement a de nombreux
protistes) mais pas essentielle du fait de la singularité biochimique et structurale de 1’oxydase
ERV1.
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Abstract

Background: Many proteins of the mitochondrial intermembrane space (IMS) contain structural disulfide bonds

formed by the mitochondrial disulfide relay. In fungi and animals, the sulfhydryl oxidase Erv1 ‘generates’ disulfide
bonds that are passed on to the oxidoreductase Mia40, which oxidizes substrate proteins. A different structural
organization of plant Erv1 proteins compared to that of animal and fungal orthologs was proposed to explain its
inability to complement the corresponding yeast mutant.

Results: Herein, we have revisited the biochemical and functional properties of Arabidopsis thaliana Erv1 by both in
vitro reconstituted activity assays and complementation of ervl and mia40 yeast mutants. These mutants were
viable, however, they showed severe defects in the biogenesis of IMS proteins. The plant Ervl was unable to
oxidize yeast Mia40 and rather even blocked its activity. Nevertheless, it was able to mediate the import and
folding of mitochondrial proteins.

Conclusions: We observed that plant Erv1, unlike its homologs in fungi and animals, can promote protein
import and oxidative protein folding in the IMS independently of the oxidoreductase Mia40. In accordance to
the absence of Mia40 in many protists, our study suggests that the mitochondrial disulfide relay evolved in a

stepwise reaction from an Erv1-only system to which Mia40 was added in order to improve substrate specificity.

Keywords: Disulfide bond formation, Eukaryotic evolution, Intermembrane space, Mitochondria, Oxidative protein

folding, Protein translocation

Background

Two compartments of the eukaryotic cell, namely the
endoplasmic reticulum (ER) and the mitochondrial inter-
membrane space (IMS), contain disulfide relays to intro-
duce structural disulfide bonds into proteins and to
facilitate oxidative protein folding [1]. In the ER, proteins
are oxidized by direct interaction with members of the
protein disulfide isomerase (PDI) family, which are main-
tained in an oxidized state by the sulfhydryl oxidase Erol
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[2]. Thus, PDIs provide substrate specificity whereas Erol
initially ‘generates’ the disulfides [3, 4].

The function of the mitochondrial disulfide relay is less
well understood. The sulthydryl oxidase of the IMS, Ervl,
is a flavoprotein just like Erol. Although not structurally
related, the architecture of the flavodomain of Ervl family
members is similar to that of Erol, presumably as a result
of convergent evolution [5-8]. Unlike PDIs, the mitochon-
drial oxidoreductase Mia40 has no thioredoxin fold and
its structure is entirely different to that of PDI. Mia40 has
a hydrophobic substrate-binding cleft that recognizes pat-
terns of hydrophobic residues in helical regions of its sub-
strates, referred to as mitochondrial intermembrane space
sorting signal (MISS) or intermembrane space targeting
signal (ITS) sequences [9-17]. This interaction drives the
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translocation of IMS proteins across the outer mem-
brane [14, 18, 19]. During or directly following the
import reaction, Mia40 forms mixed covalent dimers
with its substrates, which can be stable for seconds to
minutes [12, 13, 20-25]. This lasting interaction is
very different to the very rapid disulfide exchange re-
action of PDI with its substrates [26].

Reduced Mia40 is re-oxidized by Ervl in a reaction
that mimics the Miad0-substrate interaction [9]. The
Ervl-catalyzed oxidation of Mia40 is highly efficient,
such that in vivo Mia40 is predominantly or exclusively
present in the oxidized state [20, 25, 27-30]. Reconstitu-
tion experiments proved that Mia40 and Ervl are the
only two proteins required to drive efficient oxidation of
IMS proteins in vitro [21, 28, 31].

Miad0 is conserved among animals, fungi, and plants
but absent in many ‘more primitive’ eukaryotes such as
in trypanosomes [32] or in kinetoplastids [33]. Presum-
ably, Mia40 was never present in these groups but it
cannot be excluded that certain organisms initially con-
tained Mia40 but secondarily lost it during evolution.

In contrast, genes for Ervl homologs were identified
ubiquitously in genomes of mitochondria-containing eu-
karyotes [34]. However, the structural organization of
Ervl proteins considerably differs among organisms of dif-
ferent eukaryotic phyla. Studies in Arabidopsis thaliana
suggested that, in plants, Mia40 (AtMia40) is located both
in mitochondria and peroxisomes (due to a C-terminal
SKL targeting signal) and is dispensable for IMS import
[35]. Still, the A. thaliana Ervl (AtErvl) was found to be
essential and critical for mitochondrial biogenesis.

Since a detailed functional analysis of Ervl can hardly
be performed in plants, we decided to express AtErvl in
ervl and mia40 yeast mutants lacking a functional disul-
fide relay in the IMS and to re-examine if and why it
could not complement these mutants [35, 36]. While we
observed that AtErvl did not cooperate with yeast
Mia40 but rather blocked its function, it still mediated
protein import into the IMS, unexpectedly interacting
directly with imported IMS proteins and facilitating their
oxidative folding. Thus, upon expression of A¢Ervl, the
redox-active CPC motif on the yeast Miad0 became dis-
pensable as the plant Ervl can fold some client proteins
directly. Overall, this suggests that, during evolution,
Mia40 was added to an Ervl-only system at a later stage,
presumably in order to improve substrate specificity and
isomerization of more complex substrates.

Results

Erv1 proteins of plants, animals, and fungi differ in their
domain organization

The Ervl protein family is characterized by a conserved
domain that mediates the electron transfer between a
bound FAD cofactor and a surface-exposed CxxC motif
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(Fig. 1a, Additional file 1: Figure S1). This domain is
present in the Ervl proteins of mitochondria, in the
Erv2 proteins present in the ER of fungi, and in mem-
bers of the rather diverse QSOX group [37, 38]. How-
ever, the regions that flank this conserved FAD domain
in these proteins differ considerably. In the Ervl pro-
teins of fungi and animals, an N-terminal flexible re-
gion serves as an essential interaction arm that shuttles
electrons between Mia40 and the FAD domain of Ervl
[9, 21]. Ervl proteins of plants and Erv2 proteins lack
this region but contain a C-terminal redox-active disul-
fide that, at least in the case of Erv2, serves as an
electron shuttle [36, 39].

The ability of Ervl to shuttle electrons from electron
donors such as DTT or Mia40 to its electron acceptor
cytochrome ¢ can be measured by following cytochrome
¢ reduction at 550 nm. We purified recombinant yeast
Ervl and A¢Ervl produced in E. coli and monitored the
reduction of cytochrome ¢ over time in the presence of
100 uM DTT (Fig. 1b). Both proteins efficiently acceler-
ated the rate of cytochrome c¢ reduction, although the
yeast Ervl showed a somewhat higher efficiency in this
reaction. Then, AtMia40 was introduced in these assays
after reducing the DTT concentration to 50 pM to limit
its direct reaction with Ervl while maintaining the
Miad0 catalytic disulfide reduced (Fig. 1c). Using
AtMia40, yeast Ervl and AtErvl could transfer electrons
to cytochrome c¢ with comparable efficiency. However,
when yeast Mia40 was used, only yeast Ervl was able to
catalyze cytochrome c¢ reduction (Fig. 1d), suggesting
that AtErvl cannot efficiently accept electrons from
yeast Mia40. Overall, the in vitro measurements indi-
cated that the Ervl proteins from yeast and A. thaliana
exhibited comparable in vitro capacity to reduce cyto-
chrome ¢ with the notable difference that A¢Ervl does
not accept electrons from yeast Mia40.

In order to test whether, despite its different domain
organization, plant Ervl can functionally replace the
well-characterized Ervl protein of yeast, we generated a
LEU2 plasmid for the expression of AtErvl fused to the
IMS-targeting sequence of cytochrome b, for adequate
targeting followed by a hemagglutinin tag present in the
N-terminal region for detection (Fig. le). This differs
from previous studies that did not verify the correct
localization of the proteins and used either an intact se-
quence or added a shorter cytochrome b, pre-sequence
and fused AtErvl with or without a C-terminal His-tag
[36]. We transformed this plasmid into a Aervl mutant
that contained the yeast ERVI gene on a URA3 plasmid.
Through growth on 5’ fluoroorotic acid, we counter-
selected against the L/RA3 plasmid, yielding viable cells.
Viable cells were also obtained with the yeast ERVI gene
on a LEU2 plasmid but not with the empty plasmid
(Fig. 1f). We concluded that AtErvl can replace the
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Fig. 1 The yeast FRV] gene can be deleted upon expression of its Arabidopsis homolog. a Phylogeny and structural comparison of members of
the Erv1 family (see Additional file 1: Figure S1 for details). An overview of the protein sequences is shown, in which all cysteine residues are
indicated in yellow. b Reduction of cytochrome ¢ (40 uM) by purified yeast or A. thaliana Erv1 (8 uM) in the presence of 100 uM DTT. A control
measurement without Erv1 is shown (DTT). ¢ Reduction of cytochrome ¢ (40 uM) by 50 uM DTT alone or in the presence of 20 pM AtMia40, 8 UM
AtErv1, 8 UM yeast Ervl (ScErv1), or 20 uM AtMia40 combined with 8 uM AtErv1 or 8 uM ScErv1. d Reduction of cytochrome ¢ (40 uM) by 50 uM
DTT alone, or in the presence of 20 uM ScMia40, 8 uM AtErv1, 8 uM ScErv1, or 20 UM ScMia40 combined with 8 uM AtErv1 or 8 uM ScErvi. e
Schematic representation of the AtErv1 protein used in this study. MTS mitochondrial targeting signal, TM transmembrane domain of cytochrome
b, (residues 1-169) to verify IMS targeting, HA hemagglutinin tag. f By use of a plasmid shuffle strategy, a URA3 plasmid for the expression of
yeast Erv1 could be replaced by a LEU2 plasmid harboring a gene for the synthesis of AtErv1 (red arrow). EV empty vector. g Strain in which the
URA3 plasmid was replaced by a plasmid expressing yeast Ervl or AtErv1, grown to log phase. Ten-fold serial dilutions were dropped on the indicated
media. Whereas cells expressing the yeast Ervl were able to respire, the AtErvl mutant did not grow on non-fermentative carbon sources such as glycerol

Ervl protein of yeast. However, this strain was unable
to grow on glycerol, indicating that it was unable to
respire (Fig. 1g). Thus, obviously, although A¢Ervl
can take over an essential function of Ervl, it is not
able to replace the yeast protein in its role in the bio-
genesis of the respiratory chain.

Mitochondria expressing AtErv1 show severely reduced
levels of Mia40 substrates

Next, we assessed whether AfErvl can replace the yeast
Ervl protein in its function in mitochondrial protein im-
port. To this end, we analyzed the levels of different mito-
chondrial proteins in whole cells (Fig. 2a) or isolated
mitochondria (Fig. 2b) of the different AtErvl-expressing
mutants. The levels of matrix-targeted proteins (Ilv5, Oxal,
Mrpl40, or Acol) were similar in these samples. However,
in mutants expressing A¢Ervl but no yeast Ervl, the levels
of Mia40 substrates, such as Atp23, Tim10 or Cmcl, were
strongly reduced. In these cells, Sod1 levels were normal in
whole cell extracts whereas the protein was almost absent
from mitochondria, which confirms that the biogenesis of
the IMS-located fraction of Sod1 requires the disulfide relay
whereas the cytosolic Sodl does not [40—-42]. Additionally,
Mia40 levels were reduced in the AfErvl mitochondria,
highlighting problems in its oxidative folding that may
cause an Ymel-mediated instability (Fig. 2b).

Moreover, we expressed AtErvl in a temperature-
sensitive ervl mutant (ervI-ts) [43] and isolated mitochon-
dria from cells that were shifted to restrictive conditions
for 16 h. Again, the levels of the Mia40 substrates Atp23
and Cmc1 were severely reduced, whereas low amounts of
the essential IMS protein Tim1l0 were still detected
(Additional file 2: Figure S2A). Thus, the AtErvl protein
can facilitate the import of low levels of small Tim pro-
teins and therefore exhibits the essential function of
Ervl. However, AtErvl-expressing mitochondria lack
Cmcl, an IMS protein required for the assembly of
cytochrome oxidase [44-46]. Accordingly, we ob-
served considerably reduced levels of subunit 2 of
cytochrome oxidase (Cox2, Additional file 2: Figure
S2B), although this mitochondrially encoded protein
was synthesized at normal levels (Additional file 2:
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Figure S2C). Thus, the absence of IMS-located
biogenesis factors of cytochrome oxidase explains the
inability of the AtErvl mutant to respire.

AtErv1 does not oxidize yeast Mia40 in vivo

The severe defects observed in the AtErvl-expressing
mutants and the in vitro activity results prompted us to
test whether A¢Ervl can oxidize the yeast Mia40 protein
in vivo. To this end, we analyzed the redox state of
Mia40 in the different mutants by an alkylation shift
assay based on the modification of reduced but not oxi-
dized thiols by methyl-polyethylene glycol,,-maleimide
(mmPEG,,, Fig. 2¢). In wild-type cells, Mia40 is almost
exclusively present in the oxidized state [21, 47] and its
six cysteine residues can only be alkylated after reducing
its three disulfide bonds with tris(2-carboxyethyl)pho-
sphine, a thiol-free chemical reductant (Fig. 2c, wild-
type). In contrast, the two catalytic cysteine residues of
Mia40 remained accessible in the A¢Erv1-expressing mu-
tant and almost no oxidized Mia40 was observed. Thus,
AtErvl is extremely inefficient in oxidizing the yeast
Miad0 protein, which may be explained by the fact that
the shuttle disulfide of A¢Ervl is not part of an amphi-
pathic helix structure (Fig. 2d) that could serve as a
Mia40 interaction region.

The inability of AtErvl to cooperate with yeast Mia40
could point to an incompatibility of the fungal and plant
systems. However, neither the decreased levels of Mia40
substrates (Fig. 2e) nor the growth defects on glycerol
(Fig. 2f) of the AtErv1-expressing mutant were suppressed
by co-expressing AtMiad0. Apparently, the AtErvl protein
does not productively cooperate with Mia40.

This is further supported by the observation that the
AtErvl-expressing mutant was hypersensitive to DTT (Add-
itional file 3: Figure S3A, B), which counteracts disulfide
bond formation by the mitochondrial disulfide relay [21].
Re-oxidation of Ervl can occur either in a cytochrome c-in-
dependent reaction in which oxygen is directly reduced to
hydrogen peroxide or in a cytochrome c-mediated reaction
that can also occur under anaerobic conditions [48-50].
Since the AtErvl-expressing mutant grows efficiently also in
the absence of oxygen (Additional file 3: Figure S3C), we
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regard it as unlikely that the defect in this strain is due to an
incompatibility of AErvl with yeast cytochrome ¢, but ra-
ther due to an incompatibility of AzErv1 with Mia40.

Mitochondria of the AtErv1-expressing mutant show
defects in the import of IMS proteins

Next, we directly tested the ability of mitochondria from
Aervl cells that expressed either yeast Ervl or AtErvl to
import proteins in vitro. To this end, we purified
mitochondria and incubated them with radiolabeled
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precursor proteins destined for the matrix (Oxal, Fig. 3a)
or the IMS (Tim9, Cmcl, Atp23, Fig. 3b—d) in the pres-
ence of different concentrations of DTT. Non-imported
material was removed by protease treatment before sam-
ples were analyzed by SDS-PAGE and autoradiography.
Oxal was efficiently imported into both mitochondria,
verifying that they were import-competent. However, the
import of Tim9 and Cmcl was almost completely
blocked. This confirms previous studies showing that the
redox state of Miad0 strongly influences the import
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efficiency, even though the oxidation of the catalytic disul-
fide bond in Mia40 is not essential for the import of Tim9,
but only for its subsequent folding and assembly [14, 18,
19, 51]. In contrast to Tim9 and Cmc1, the Mia40 substrate
Atp23 was efficiently imported into the AtErvl-expressing
mitochondria. Atp23 differs from Tim9 and Cmcl by the
fact that its cysteine residues are not required for its import
since a cysteine-free mutant of Atp23 was shown to be still
efficiently imported in a strictly Mia40-dependent manner
[19, 51, 52]. However, without the structural disulfide
bonds, Atp23 is unstable and rapidly degraded by Ymel.
The proteome of plant mitochondria, and presumably
also that of their IMS, differs considerably from that of
fungi and animals [53, 54]. For example, bacteria, plant
mitochondria, and chloroplasts use common systems for
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the biogenesis of c-type cytochromes, which differs consid-
erably from the c-type cytochrome biogenesis machinery of
animals and fungi [55]. The plant system, but not that of
animals and fungi, contains the protein CCMH, which con-
tributes to the heme incorporation. CCMH has a con-
served protein domain exposed into the IMS and contains
two cysteines in a CxxC motif [56]. We wondered whether
the yeast system could be used to test whether CCMH is a
substrate of the mitochondrial disulfide relay. To this end,
we incubated radiolabeled Arabidopsis CCMH with iso-
lated mitochondria of Mia40-containing and Mia40-
depleted mitochondria. We observed that the import of
CCMH was strongly reduced in mitochondria in which
Mia40 was depleted (Fig. 3e), suggesting that this protein is
a substrate of the mitochondrial disulfide relay. Further,
this plant substrate was imported much more efficiently in
mitochondria expressing the yeast Ervl than in those ex-
pressing AtErvl (Fig. 3f). Thus, the poor performance of
the AtErvl-expressing mutant is not caused by an incom-
patibility of yeast substrates with AtErvl but rather by an
incompatibility of AtErvl with Mia40.

AtErv1 binds efficiently to yeast Mia40 but has a
dominant-negative activity in yeast mitochondria

The inability of AtErvl to oxidize yeast Mia40 might be
due either to an inability of both proteins to interact or to
an unproductive interaction. Co-immunoprecipitation ex-
periments with Mia40-specific antibodies efficiently pulled
down a fraction of AtErv1 after stabilization of the inter-
action with the cleavable crosslinker dithiobis succinimi-
dyl propionate (Fig. 4a). As expected, newly imported
radiolabeled Mia40 was efficiently recovered in a complex
with AtErvl (Additional file 4: Figure S4A). From this we
concluded that A¢Ervl and yeast Mia40 are able to inter-
act and it is apparently not the lack of binding that pre-
vented AzErvl from functionally replacing yeast Ervl, but
AtErvl rather appears to block Mia40 activity.

In order to mitigate a potentially dominant-negative
activity of AtErvl on Mia40, we transformed the mu-
tants with a plasmid harboring an extra copy of Mia40
(Fig. 4b). Surprisingly, overexpression of yeast Mia40 in-
deed partially suppressed the negative effect of AtErvl
as it restored the levels of some IMS proteins (Tim10
and Atp23, Fig. 4b) and allowed slow growth of the
strains on non-fermentable carbon sources (Fig. 4c).

Furthermore, the dominant-negative effect of AtErvl
was very obvious when the protein was expressed in wild-
type mitochondria containing a functional yeast Erv1 pro-
tein. The presence of AtErvl strongly impaired the import
of Mia40 substrates such as Cmcl or Tim9, but not that
of the matrix protein Oxal (Fig. 4d). In summary, we con-
cluded that AfErvl did interact with Mia40 but rather
blocked its activity, presumably by competitive inhibition
of its hydrophobic substrate binding domain.
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Fig. 4 AtErv1 exhibits a dominant-negative activity on yeast Mia40. a Mitochondria isolated from a Aervi strain expressing AtErv1 were treated
with 1T mM cleavable cross-linker dithiobis succinimidyl propionate for 15 min at 25 °C and lysed with 1% SDS. The extract was used for immunoprecipitation
with Mia40-specific antibodies or with pre-immune serum (PIS). Hemagglutinin-tagged AtErv1 protein was visualized by western blotting. Arrows indicate
immunoprecipitated AtErv1. Total samples contain 10% of the material used per immunoprecipitation reaction. b A multicopy plasmid carrying the yeast
MIA40 gene was transformed into wild-type or Aervi cells. Whole cell extracts were prepared and analyzed by western blotting. Note that the levels of
Atp23 and Tim10 were largely restored upon overexpression of Mia40 despite the absence of yeast Erv1 in these mutants (blue arrows). ¢ An extra copy of
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AtErv1 can oxidize IMS proteins in the absence of a
redox-active Mia40

It is possible that A¢tErvl may be able to rescue the
Aervl mutant without productively interacting with
Mia40 through the direct interaction of Ervl with in-
coming polypeptides, bypassing the need for Mia40. To

test this, we immunoprecipitated AtErvl from mito-
chondria in which we had imported radiolabeled CCMH.
Indeed, CCMH was efficiently pulled down in a DTT-
sensitive manner (Fig. 5a), confirming the direct A¢Erv1-
substrate interaction. In contrast, no CCMH was recov-
ered with Mia40-specific antibodies, suggesting that, in
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Fig. 5 Plant Erv1 can directly oxidize IMS proteins. a Radiolabeled A. thaliana CCMH was incubated for 2 min with isolated mitochondria from the
AtErvi-expressing Aervi. Mitochondria were treated with 400 uM cleavable cross-linker dithiobis succinimidyl propionate for 5 min at 25 °C and
lysed with 1% SDS. The extract was used for immunoprecipitation with a combination of Erv1- and hemagglutinin-specific antibodies or with
pre-immune serum (PIS). The crosslinker was cleaved with DTT when indicated. The radiolabeled protein was visualized by autoradiography. Total
samples contain 10% of the material used per immunoprecipitation reaction. Arrow depicts radiolabeled CCMH pulled down with AtErv1. b Cytochrome

¢ reduction by plant and yeast Erv1 with glutathione (GSH) as an electron donor. The reduction of cytochrome ¢ (40 uM) was followed at 550 nm over

10 min after incubation with 5 mM GSH in the presence or absence of 8 uM Atkrv1 or ScErv1. All of the reduced cytochrome ¢ was obtained with 50 uM
DTT, as shown in Fig. 1c. ¢ In vitro-translated radioactive Cox19 was incubated in the absence or presence of 30 uM purified AtErv1 for the indicated times.
Subsequently, samples were TCA-precipitated, treated with 15 mM mmPEG,, for 1 h at 25 °C, and then subjected to non-reducing SDS-PAGE and analyzed

the presence of AtErvl, the import of CCMH occurs in-
dependently of Mia40 (Additional file 5: Figure S5). Fur-
ther, not only CCMH but also the yeast proteins Tim9
and Tim17 were found to interact with A¢Erv1, although
the efficiency of the crosslinking was lower than that of
the plant substrate (Additional file 4: Figure S4B, C).
Additionally, small amounts of yeast Ervl were found to
be in contact with newly imported Tim9 and Timl7, in
line with previous studies showing that small Tim pro-
teins and Tim17 are oxidized in yeast mitochondria that
lack redox-active Mia40 [18, 57].

In order to test whether AtErvl is able to oxidize
thiol-containing peptides, we employed the cytochrome
¢ assay to monitor the oxidation of glutathione with
AtErvl and yeast Ervl as a control (Fig. 5b). We ob-
served that AtErvl oxidized glutathione, resulting in
cytochrome c¢ reduction. In contrast, the yeast Ervl pro-
tein was extremely inefficient in its interaction with
glutathione, suggesting that A¢Ervl can directly oxidize
this small peptide whereas the yeast Ervl protein does
not or only to a minimal extent.

We then tested whether AtErvl is able to oxidize a
well-established Mia40 substrate. To this end, we incu-
bated radiolabeled Cox19 in the absence or presence of
purified AtErvl (Fig. 5¢). At different time points, pro-
teins were precipitated by acid treatment and denatured,
and reduced thiols were alkylated with mmPEG,,. In the
presence of AtErvl, but not in its absence, reduced

180

Cox19 protein was efficiently depleted from the reaction,
indicating that A¢Erv1 is indeed able to oxidize this yeast
protein, at least in vitro. It should be noted that yeast
Ervl has been previously shown to slowly oxidize Cox19
in vitro [18, 21, 23, 58].

Next, we used genetics to test whether AtErvl was indeed
able to bypass the need for Mia40. To this end, we
expressed AtErvl in the temperature-sensitive Mia40 mu-
tants mia40-3 and mia40-4 [23]. AtErv1 partially suppressed
the growth defect of these strains at restrictive growth con-
ditions (Fig. 6a, Additional file 6: Figure S6A) and restored
the levels of Mia40 substrates, such as Cmcl and Tim10, to
some degree (Fig. 6b, Additional file 6: Figure S6B).

Since it cannot be excluded that the Mia40 of the
temperature-sensitive mia40 mutant still has some re-
sidual activity even at restrictive conditions, we decided
to test whether a redox-active Mia40 can be completely
removed in the presence of AtErvl in the IMS. We
therefore performed plasmid shuffling experiments in
the absence or presence of a redox-inactive Mia40 mu-
tant in which both cysteines of the CPC motif were re-
placed by serine residues (Mia40-SPS) [18]. Expression
of AtErvl allowed the loss of MIA40 as long as Mia40-
SPS was co-expressed (Fig. 5d). Thus, a combination of
Mia40-SPS, which mediates the import but not the
oxidation of proteins [18], and of AtErvl, which subse-
quently oxidizes imported proteins, is obviously suffi-
cient to promote the biogenesis of IMS proteins
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Fig. 6 a, b The expression of AtErv1 in the temperature-sensitive Mia40 strains mia40-3 and mia40-4 allows cell growth at a restrictive temperature
(@) and restores the level of Mia40 substrates in the IMS of mitochondria (b). ¢ Amia40 cells containing MIA40 on an URA3 plasmid were transformed
with plasmids to express AtErv1 alone (upper row), AtErv1 in combination with Mia40-SPS (middle row), or wild-type Mia40 as a positive control (lower
row). The ability of the strains to grow upon loss of URA3 plasmid was tested on 5-fluoroorotic acid. Co-expression of AtErv1 and Mia40-SPS resulted in
viable cells. d, e Many ‘primitive’ eukaryotic phyla (such as euglenozoa, alveolata, and stramenopila) lack Mia40 and protein oxidation should be carried
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(Additional file 6: Figure S6C). This demonstrates that  [35]. The results presented in this study show that AtErv1l
AtErvl can take over the essential function of the mito- can oxidize substrate proteins directly in a Mia40-
chondrial disulfide system in the IMS as long as the independent manner. In contrast, Ervl proteins of
hydrophobic substrate-binding region of Miad0 facili- fungi and animals were suggested to oxidize substrate

tates protein translocation across the outer membrane. proteins predominantly or exclusively via the oxidore-
ductase Mia40. However, recent studies suggest that
Discussion also in yeast, Ervl can oxidize specific substrates such

A. thaliana mutants lacking Mia40 are viable and it was as the inner membrane protein Tim17 [57] and, with
proposed that the mitochondrial disulfide relay system low efficiency, typical Mia40 substrates, at least in the
can function without Mia40 or that an additional, not yet ~ background of Miad0 mutants that lack the redox-
characterized, oxidoreductase makes Miad0 dispensable active cysteine pair [18].
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Although the molecular details of this A¢Ervl-medi-
ated protein oxidation have to be better delineated, we
report here that AtErvl can directly bind to newly
imported IMS proteins, thereby forming mixed disul-
fides. This promotes their import and oxidative folding
in the IMS even in strains that lack a functional Mia40
protein. Thus, the mitochondrial disulfide relay of plants
obviously differs from that of fungi and animals as it al-
lows the direct electron flow from substrates to AtErvl
(Fig. 6d). Possibly, AtMia40 might still handle specific,
non-essential substrates or carry out another function
such as the isomerization of IMS proteins. Such a
substrate-specific function could explain the decreased
complex I activity observed in Mia40 plant mutant lines
[35]. Moreover, a recent study showed that AtMia40 can
form a complex with the mitochondrial phosphatase
SLP2 and proposed a regulatory, again substrate-specific,
role of AtMia40 in plant mitochondria [59].

Interestingly, many eukaryotic groups, including cili-
ates, diatoms, or parasites such as Leishmania, Trypano-
soma, or Plasmodium, lack genes for Mia40 homologs
but still contain Ervl (Fig. 6e) [32-34, 60]. Thus, the
mitochondrial disulfide relay obviously started from an
Ervl-only system in which Ervl, similar to the QSOX
proteins of the secretory pathway [38, 61], directly cata-
lyzed protein oxidation (Fig. 5e). Mia40 was presumably
added later, initially as a dispensable player. In fungi and
animals, however, Mia40 became essential and Erv1 lost
its ability to interact directly with IMS proteins. It
should be noted that we do not propose that animals
and fungi developed from plants; however, given the
intermediate stage of the plant system compared to that
of protists on the one side and of animals/fungi on the
other, we assume that the disulfide relay in animals and
fungi developed from a situation that was similar to that
still operating in mitochondria of Arabidopsis.

Why was Mia40 added into the mitochondrial disul-
fide relay during eukaryotic evolution? Oxidoreductases
can provide substrate specificity, thereby targeting the
oxidative potential of sulfhydryl oxidases to specific cli-
ents. This is most obvious for the disulfide relay of the
ER, where the sulthydryl oxidase Erol presumably oxi-
dizes only one single substrate, PDI, which oxidizes
many different substrate proteins (often employing even
additional PDI homologs) [3, 4]. The substrate specificity
of Mia40 was well characterized and IMS proteins with
disulfide bonds show MISS/ITS signals to ensure their
specific recognition by Mia40 [14, 17]. It is unclear why
an increased substrate specificity became necessary dur-
ing evolution; however, the change in the c-type cyto-
chrome biogenesis system coincided with the addition of
Mia40 [55]. Cytochrome c is by far the most abundant
protein of the IMS. It is characterized by two reduced
cysteines in a CxxC motif to which heme is covalently
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attached during cytochrome biogenesis. Oxidation of
these cysteines prevents cytochrome maturation, and
bacteria employ a specific reduction system in order to
keep apocytochrome ¢ reduced. In mitochondria of pro-
tists and plants (as well as in bacteria), cytochrome c is
secreted across the inner membrane into the IMS and ma-
tured by a complex machinery employing many conserved
factors (called system-1 and system-2) [62]. Several of
these components are mitochondrially encoded due to
their hydrophobic nature. In contrast, in fungi and ani-
mals, which have a considerably smaller mitochondrial
genome, apocytochrome ¢ is imported from the cytosol
and matured by a single enzyme, cytochrome ¢ heme
lyase. Perhaps, the increased substrate specificity of Mia40
made a much simpler maturation system for c-type cyto-
chromes possible and allowed the further reduction of the
set of mitochondrially encoded genes [62, 63].

The results of this study also nicely demonstrate that,
for the mitochondrial disulfide relay, the proper inter-
play between its two components Mia40 and Ervl is es-
sential. Although the catalytic activity of A¢Ervl in
disulfide bond formation is comparable to that of yeast
Ervl when using DTT, AtErvl was unable to product-
ively interact with Mia40. A¢Ervl did not efficiently
oxidize yeast Mia40, which prevented the import of IMS
proteins. The observation that overexpression of Mia40
mitigated the defects of the AtErvl-expressing mutant
and that the expression of AtErvl exhibited a dominant-
negative activity despite yeast Ervl being present sug-
gests that AtErvl arrested the Mia40 reaction cycle.
AtErvl binds efficiently to Mia40 but fails to oxidize it,
presumably due to its different domain organization
compared with yeast Ervl. Thus, the results shown in
this study are compatible with a model according to
which AzErvl acts as a competitive inhibitor of Mia40,
blocking its substrate-binding site without oxidizing its
CPC motif.

It should be noted that the phenotype of the AtErv1-ex-
pressing mutant cannot be simply explained by the insuffi-
cient oxidation of Mia40 as a Mia40-SPS mutant (which
lacks the catalytic disulfide) still imports proteins into the
IMS, but fails to oxidize them [18]. As a consequence,
these unfolded proteins fail to assemble and are rapidly
degraded by the IMS-AAA protease Ymel [19, 51, 52].

IMS proteins, such as Cox17 or Tim9, bind to Mia40
via hydrophobic interactions of a helical sequence
known as MISS or ITS signal [14, 17]. These signals are
characterized by an amphipathic helix, which places the
attached cysteine residue within a hydrophobic patch
(Fig. 2d). The yeast Ervl protein has a similar, though
less pronounced, sequence believed to mimic the MISS/
ITS signal of Mia40 substrates (Fig. 2d). In contrast,
AtErvl lacks such a pattern. Here, the shuttle cysteines
are separated by four residues such that a disulfide bond
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is not compatible with the formation of a helical struc-
ture, which should prevent AtErvl to properly align its
shuttle disulfide with the CPC motif of Mia40 and thus
to oxidize yeast Mia40 (Fig. 2d).

In fungi and animals, Mia40 and Erv1l cooperate in the
import and folding of proteins into the IMS. The use of
a combination of a Mia40-SPS mutant, which traps im-
port intermediates but is unable to oxidize them, and of
the A¢Ervl protein, which promotes substrate oxidation
in a Mia40-independent reaction, showed that these two
functions of the disulfide relay can be completely sepa-
rated. This will provide an excellent system in order to
dissect the individual reactions of the biogenesis of IMS
proteins in mitochondria in greater mechanistic detail.

Conclusions

Disulfide relays stabilize protein structures by oxidative
protein folding. The present study shows that the mito-
chondrial disulfide relay of plants is much simpler than
that of previously studied systems and may resemble the
oxidation machinery of early eukaryotes; its sulfhydryl
oxidase AtErvl oxidizes substrates directly, making an
oxidoreductase obsolete.

Methods

Yeast strains and plasmids

Yeast strains used in this study were based on the wild-
type strains W303 and YPH499. Shuffle strains for ERV1
and MIA40, as well as ervi-ts, mia40-3, and mia40-4
mutants, have been previously described [18, 21, 23, 58].
Yeast strains were either grown in synthetic media con-
taining 2% glucose or galactose, or in YP (1% yeast ex-
tract, 2% peptone) medium containing 2% galactose,
glucose, glycerol, or ethanol [64].

For expression of the A¢Ervl variant, the AfErvl se-
quence was amplified from leaf Arabidopsis cDNA using
the primers: forward 5 CCCCGGATCCTATCCTTAC-
GACGTGCCTGACTACGCCGGTGAGAAGCCATGG-
CAGCCAC 3" and reverse 5 CCCCGTCGACTTAAA
AGTCCATAGAAGTTCCATG 3, introducing an N-
terminal hemagglutinin tag. The amplified fragment was
cloned in frame into the BamHI and Sall restriction sites
of the pYX142 vector (Addgene) containing the se-
quence coding for the amino acids 1-167 of cytochrome
b, (comprising its mitochondrial targeting sequence, the
transmembrane domain and the heme-binding domain)
into EcoRI and BamHI restriction sites.

To express AtMiad0, the sequence corresponding to
the protein sequence of residues 2—161 was cloned using
BamHI and BstX1 restriction sites in frame into the sin-
gle copy vectors pRS314, pRS315, or pRS316 harboring
MIA40 promoter and a sequence corresponding to the
amino acid residues 1-70 of yeast Mia40 [18]. To over-
express yeast Mia40, the entire MIA40 gene, including
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the promoter and terminator, was cloned by PCR be-
tween Sacl and Sall restriction sites into the multi-copy
vectors pRS424 and pRS426.

For in vitro transcription/translation of CCMH, the
sequence corresponding to amino acid residues 1-159
was amplified from an A. thaliana cDNA using the
primers: forward 5° CCCCCGAATTCGCCACCATG
GAGAAAACAGACGAAGAG 3° and reverse 5’
CCCCCGGATCCCTACCGGTTGAGCCATCTCC 3’
and cloned into the EcoRI and BamHI sites of a
pGEM4 vector (Promega).

Experimental procedures on the isolation of mitochon-
dria, the import of radiolabeled precursor proteins,
immunoprecipation and western blotting have been
reported previously [15].

Cloning, expression, and purification of recombinant
proteins in E. coli

The AtErvl sequence (without the region coding for the
first 70 amino acids) and the AtMia40 sequence (without
the region coding for the first 55 amino acids) were
amplified by PCR from A. thaliana leaf cDNA using the
following pairs of primers: AtErvl forward 5’
CCCCCCCCATATGACTGGTCCTGTGACTAAAGAG
3" and AtErvl reverse 5° CCCCGGATCCCTAAAA
GTCCATAGAAGT 3' and AtMia40 forward 5’
CCCCCCCCATATGGAGTCTCTTGAAGCC 3’ and
AtMia40 reverse 5° CCCCGGATCCCTAAAGCTTGGA
ATTGCC 3" and cloned in pET12a and pET15b plasmids,
respectively (Novagen). The pET24a-ScErvl and pGEX6-
ScMia40 expression plasmids have been previously de-
scribed [18, 21, 23, 58]. Protein production was achieved
in the Escherichia coli BL21(DE3) strain containing pSBET
plasmids using a culture protocol previously described
[65]. AtErv] was purified in three successive steps (ammo-
nium sulfate precipitation, ACA44 gel filtration and
DEAE-Sepharose), whereas AtMia40 and ScErvl were
purified in a single step on His-Select® Nickel affinity gel
(Sigma-Aldrich) from the soluble part of the bacterial ex-
tract following procedures already described [65]. After
dialysis against a 30 mM Tris-HCl (pH 8.0), 1 mM EDTA
buffer, proteins were stored at —20 °C. The purification of
the GST-ScMiad40 fusion was performed on Glutathione
Sepharose 4B (GE Healthcare, product code 17-0756-01)
following the manufacturer’s recommendations. The GST-
tag cleavage was performed in the a 50 mM Tris-HCl
(pH 7.0), 150 mM NaCl, 1 mM EDTA, and 1 mM DTT
buffer by adding the recommended amount of Precision
Protease on the glutathione sepharose resin for overnight
incubation at 4 °C. The cleaved protein was eluted using a
50 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 150 mM
NaCl buffer, dialyzed against a 30 mM Tris-HCI (pH 8.0)
and 1 mM EDTA buffer, and finally stored at -20 °C in
50% glycerol. All protein concentrations were determined
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using the respective theoretical extinction coefficients at
280 nm calculated using the Expasy Protparam tool
(http://web.expasy.org/protparam/).

Antibodies used in this study were generated in
rabbits against recombinantly expressed and purified
Ervl or Mia40 [20, 21] or commercially obtained from
Roche (Anti_HA-Peroxidase; Cat. No. 12013819001;
Antibody ID AB_390917).

Alkylation shift experiments for redox state detection

To analyze the redox state of cysteine residues in whole
cells, mitochondrial proteins were precipitated with TCA,
denatured with SDS, and incubated with 15 mM
mmPEG,,; (Thermo Scientific product # 22713) as de-
scribed [15].

Reduction of cytochrome ¢

The reduction of cytochrome ¢ from equine heart (40 pM,
SIGMA-Aldrich, product code C7752) was followed by re-
cording changes in absorbance at 550 nm using a Cary 50
Variant-Agilent spectrophotometer. The reactions were
performed in a 50 mM phosphate buffer at pH 7.4 and
1 mM EDTA, and started by adding DTT (50 or 100 uM)
to the cuvettes containing various combinations of puri-
fied recombinant proteins (Ervl (8 uM) and Mia40
(20 uM) from both S. cerevisiae and A. thaliana).

Additional files

Additional file 1: Figure S1. Related to Fig. 1. Alignment of members
of the Erv1 family. The sequences were compared using Clustal Omega
with standard settings of the program. (DOCX 1001 kb)

Additional file 2: Figure S2. Related to Fig. 2. Mitochondria of the
AtErv1-expressing ervi-ts mutant mutant show strongly reduced levels of
Mia40 substrates and no functional cytochrome oxidase. A The
temperature-sensitive ervi-ts mutant was transformed with plasmids to ex-
press yeast Erv1 or AtErv1. Cells were shifted to restrictive conditions at 34 °
C for 16 h before mitochondria were isolated and analyzed by western blot-
ting. B AtErvi-expressing cells show strongly reduced steady-state levels of
Cox2, a central, mitochondrially encoded subunit of cytochrome oxidase. C
Mitochondrial translation products were radiolabeled in cells after blocking
cytosolic translation with cycloheximide. Cells were incubated for 15 min at
30 °C in the presence of [>S}-methionine. Radiolabeled proteins were sep-
arated by SDS-PAGE and visualized by autoradiography. (EPS 6782 kb)

Additional file 3: Figure S3. Related to Fig. 2. The AtErv1-expressing
Aervl mutant shows increased sensitivity to DTT. A, B For the experiment
shown in panel A, 10 pL of 3 M DTT was added to the filter paper placed in
the middle of the plates. For the experiment shown in panel B, the
following solutions were used: water, 1 M diamide, 1 M DTT or 3 M DTT (10
L each) or 30% H202 (5 uL) as indicated. Cells were grown at 30 °C for

3 days. C Wild-type and Aerv cells expressing yeast Ervior AtErv1 were in-
cubated on glucose plates in the presence (blue color of the indicator strip)
or absence (white color of the indicator strip) of oxygen for 5 days at 30 °C.
(EPS 142732 kb)

Additional file 4: Figure S4. Related to Fig. 4. AtErv1 directly interacts
with Tim9 and Tim17. A Radiolabeled Mia40 was incubated for 2 min
with isolated ervi-ts mitochondria containing or lacking hemagglutinin
(HA)-tagged AtErv1. Mitochondria were re-isolated and lysed with 1%
SDS. The extract was used for immunoprecipitation with HA-specific antibodies
or with pre-immune serum (PIS). Disulfide bonds were reduced with
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DTT when indicated. Radioactive proteins were visualized by SDS-
PAGE and autoradiography. Total samples contain 10% of the material used
per immunoprecipitation reaction. Arrows depict radiolabeled fractions of
Mia40 in a complex with AtErv1 or as a monomer upon reduction with DTT,
both pulled down with the HA-tagged AtErv1. B-E Radiolabeled Tim9 (B, C)
or Tim17 (D, E) were incubated for 2 min with isolated Aervi mitochondria
containing ScErv1 (B, D) or AtErnv1 (C, E). Mitochondria were treated with
400 UM cleavable cross-linker dithiobis succinimidyl propionate for 5 min at
25 °C, incubated in NEM-containing buffer for 20 min on ice and finally
lysed with 1% SDS. The extract was used for immunoprecipitation with
Erv1-specific antibodies or with PIS. Disulfide bonds were reduced with DTT.
Radioactive proteins were visualized by SDS-PAGE and autoradiography.
Total samples contain 10% of the material used per immunoprecipitation
reaction. Arrows depict radiolabeled proteins pulled down with Erv1.

(EPS 23207 kb)

Additional file 5: Figure S5. Related to Fig. 5 CCMH appears not to
interact with Mia40 during import into AtErvl mitochondria. A The
experiment was performed as described for Fig. 5a, with the exception
that Mia40-specific antibodies were used here. Radiolabeled A. thaliana
CCMH was incubated for 2 min with isolated mitochondria from the
AtErvi-expressing Aervl mutant. Mitochondria were treated with 400 pM
cleavable cross-linker dithiobis succinimidy! propionate for 5 min at 25 °C
and lysed with 1% SDS. The extract was used for immunoprecipitation
with a combination of Mia40-specific antibodies or with pre-immune
serum. The crosslinker was cleaved with DTT when indicated. Radiolabeled
protein was visualized by autoradiography. Total samples contain 10% of
the material used per immunoprecipitation reaction. Note that no CCMH
was immunoprecipitated here, in contrast to the significant amounts that
were pulled down with AtErv1 (Fig. 5a). (EPS 2090 kb)

Additional file 6: Figure S6. Related to Fig. 5 Plant Erv1 facilitates import
and oxidative folding of proteins in temperature-sensitive mia40 mutants. A
Wild-type cells and the temperature-sensitive mia40-3 and mia40-4 mutants
harboring either an empty vector or an AtErv1-expressing plasmid were
serially dropped on glucose-, galactose-, or glycerol-containing medium.
Plates were incubated for 5 days at the indicated temperatures. The expression
of plant Erv1 partially restored the growth defect of mia40 strains at restrictive
temperature. B The levels of the intermembrane space (IMS) proteins Mia40
and Cmc1 and of the matrix protein Mrpl40 were analyzed by western
blotting in the indicated strains. Cells were cultured at permissive (22 °C) or at
restrictive (34 °C) conditions before preparation of the protein extract. C Model
of the Mia40 reaction cycle in the IMS of Arabidopsis. As described in this
study, AtErv1 can directly interact with IMS proteins in order to oxidize them
independently of Mia40. AtMia40, which is present in plants though
non-essential, might improve the import reaction of certain substrates.

(EPS 50673 kb)
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Oxidation of Arabidopsis thaliana MIA40 substrates by the combined action of
ERV1 and glutathione

Flavien Zannini, Jérémy Couturier and Nicolas Rouhier
Université de Lorraine, Inra, IAM, F-54000 Nancy, France.

Cet article, en cours de préparation, sera soumis a the Journal of Biological Chemistry dans un
format « Accelerated communications ».

Nos précédents travaux ont révélé la capacité de la protéine AZERV1 a oxyder certains substrats
de MIA40 chez la levure, permettant la complémentation fonctionnelle du mutant mia40. Nous
avons évalué la capacité des protéines ERV1 et MIA40 a oxyder COX19 in vitro en présence ou
en absence d’un mélange de glutathion réduit et oxydé reflétant les concentrations et potentiels
redox mesurés in vivo. Les résultats indiquent que la protéine ERV1 est capable d’oxyder COX19
en absence de MIA40 si du glutathion est présent. En outre, les protéines ERVI1-MIA40
n’oxydent pas I’apo-cytochrome réductase, CCMH, ce qui expliquerait pourquoi aucune
réductase de CCMH n’a été identifiée a ce jour. Ces résultats confirment la particularit¢ du
systtme ERVI1-MIA40 chez les plantes supérieures et soulignent I’importance du GSH dans le
processus d’oxydation des protéines au sein de I’'IMS. Cependant, bien que le format de ces
articles soit court (5 figures/tableaux maximum), nous envisageons d’inclure des expériences
supplémentaires, notamment la détermination du potentiel redox des couples dithiol-disulfure
correspondants aux motifs CPC de MIA40 et CEQKSC d’ERV1 et des cinétiques de réduction de
ces protéines par le glutathion. De plus, il sera nécessaire d’analyser I’activité d’oxydation
d’ERV1 dans des environnements plus ou moins réducteurs et d’essayer de prouver que

I’oxydation des substrats par ERV1 fait appel a une activité de glutathionylation.
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Oxidation of Arabidopsis thaliana M1A40 substrates by the combined action of ERV1 and

glutathione
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Running title: Bypassing AtMIA40 by GSH

Abstract

Protein import and oxidative folding into the intermembrane space of mitochondria (IMS) relies
on the MIA40-ERV1 couple. The MIA40 oxidoreductase usually performs substrate recognition
and oxidation and is then regenerated by the FAD-dependent oxidase ERV 1. In most eukaryotes,
both proteins are essential, but MIA40 is dispensable in Arabidopsis thaliana. Previous
complementation experiments of a yeast mia4(0) mutant expressing a redox inactive, but import-
competent version of yeast Mia40 by Arabidopsis ERV1 suggested that AtERV1 catalyzed
oxidation of MIA40 substrates. We assessed the capacity of both yeast and Arabidopsis MIA40
and ERV1 recombinant proteins to oxidize the cytochrome ¢ oxidase assembly protein COX19, a
typical MIA40 substrate, and the apo-cytochrome reductase CCMH in the presence or absence of
glutathione using in vitro alkylation assays. The results pointed to fundamental biochemical
differences between Arabidopsis and yeast ERV1 in catalyzing the COX19 and CCMH
oxidation. The presence of glutathione used at physiological concentration and redox potential
was sufficient to support the oxidation of a MIA40 substrate by AtERV1 providing a likely
explanation why MIA40 is not essential for the import and oxidative folding of IMS-located

proteins in Arabidopsis.

Keywords: MIA40, ERV1, glutathione, oxidative folding, mitochondrial inter-membrane space
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Introduction

Mitochondria are essential organelles, sustaining many crucial cellular pathways such as ATP
production, apoptosis, iron-sulfur (Fe-S) cluster biogenesis, and ion homeostasis. Mitochondria
are formed by two aqueous compartments, the matrix and the inter-membrane space (IMS)
separated by two biological membranes, the outer membrane (OM) and the inner membrane
(IM). Among the 1000 proteins present in this organelle, 51 and 127 proteins have been

reported as present in the IMS of yeast and human mitochondria respectively (Hung et al., 2014;
Morgenstern et al., 2017; Vogtle et al., 2012). After their translation in the cytosol, the import of
IMS-located proteins relies at least on three distinct pathways (Neupert and Herrmann, 2007,
Riemer et al., 2009). The predominant pathway allows both import and oxidative folding
(Neupert and Herrmann, 2007). Many of the proteins concerned are characterized by the presence
of two repeated Cx3;C (for TIM proteins) or CxoC (for COX proteins) motifs (Longen et al., 2009;
Peleh et al., 2016) but other proteins (Atp23, CCS1, MICU, SLP2) with particular cysteine motifs
have proven to be also imported using this pathway (Gabriel et al., 2007; Gross et al., 2011;
Petrungaro et al., 2015; Suzuki et al., 2013; Uhrig et al., 2017). The import and oxidative folding
of these protein substrates are ensured by a pair of proteins referred to as the oxidoreductase
Mitochondrial Intermembrane space import and Assembly protein 40 (MIA40) and Essential for
the Respiration and Vegetative growth (ERV1) (Meyer et al., 2019). The former introduces
disulfide bonds and is regenerated by the latter. The core structure of MIA40 is formed by two
disulfide-bridged helices forming a hydrophobic cleft important for substrate recognition and an
N-terminal flexible arm where the catalytic cysteines present in a CPC motif are found (Banci et
al., 2009; Chacinska et al., 2004; Peleh et al., 2016). Three different models have been proposed
to describe the molecular interactions between MIA40 and their substrates (Hansen and
Herrmann, 2019). In the folding trap model, protein translocation into the IMS is dependent on
the formation of disulfides on MIA40 substrates, preventing back-translocation into the cytosol.
In the two trans-site receptor models, substrate trapping is ensured initially by the hydrophobic
domain of MIA40 but requires the MIA40 oxidase activity either concomitantly or in a further
separated step (Hansen and Herrmann, 2019; Peleh et al., 2016). The hydrophobic cleft interacts
with specific recognition sequences present in MIA40 substrates referred to as MISS or ITS

(respectively for Mitochondrial IMS—Sorting Signal and Intermembrane space Targeting Signal)
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(Erdogan and Riemer, 2017; Milenkovic et al., 2009; Sideris et al., 2009). These specific motifs
formed by hydrophobic and aromatic amino acids are situated in close proximity of the Cx3C or
CxoC motifs. After this initial step of recognition, the substrates are oxidized by the catalytic
cysteine pair of MIA40, promoting their folding and retention in the IMS (Koch and Schmid,
2014; Peleh et al., 2016).

Whatever the model considered, MIA40 is in fine released under reduced form after
catalyzing its oxidation reaction. Its re-oxidation is achieved by the homodimeric FAD-dependent
thiol oxidase, ERVI1. ERVI1 isoforms possess two conserved cysteine pairs forming
intramolecular disulfides. An exposed disulfide (shuttle disulfide) catalyzes the oxidation of the
CPC disulfide of MIA40 (Hell, 2008; Lionaki et al., 2010; Rissler et al., 2005; Stojanovski et al.,
2012) and is then regenerated by the disulfide present in the central domain of the second
monomer. Electrons are then shuttled to the FAD cofactor, to cytochrome ¢ and cytochrome ¢
oxidase (Bihlmaier et al., 2007; Herrmann and Riemer, 2010; Kojer and Riemer, 2014; Tienson
et al., 2009; Vitu et al., 2006). While the core domain of ERV1 proteins from different species is
relatively well conserved, a noticeable difference exists among ERV1 proteins. In opisthokonts,
the catalytic disulfide is formed by cysteines present in a Cx,C motif found in the N-terminal part
of ERV1 whereas it is formed between cysteines located found in a Cx3.sC motif in the C-
terminal part in isoforms from plant and protists (Levitan et al., 2004; Specht et al., 2018).
Proteins from protists have an additional KISS domain located between the FAD central domain
and the catalytic domain (Allen et al., 2008). In Opisthokonts, both MIA40 and ERV1 have
proven to be essential as yeast mutants are lethal in respiratory conditions and mutations affecting
these proteins in human induce severe diseases such as myopathy and neuronal cell degeneration
(Chacinska et al., 2004; Fischer and Riemer, 2013; Lisowsky, 1992; Polimeno et al., 2013;
Rissler et al., 2005). Mutation of Ervl is also lethal in Arabidopsis thaliana and in the protist
Leishmania infantum (Levitan et al., 2004; Specht et al., 2018). However, several protists
including apicomplexan and kinetoplastid parasites lack Mia40 and an Arabidopsis mia4(0 mutant
displays no growth phenotype despite a slight decrease in complex I activity (Allen et al., 2008;
Carrie et al., 2010). From a functional point of view, ERV1 proteins from these parasites could
not functionally substitute the essential Ervl in yeast (Eckers et al., 2013) whereas Arabidopsis
ERV1 only partially complements the yeast erv/ mutant (Peleh et al., 2017). It was shown that
AtERV1 and ScMia40 interact together in vivo but that AfERV1 is unable to oxidize ScMia40
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91 properly (Peleh et al., 2017). These incompatibilities have been explained by the structural
92  divergence between ERV1 isoforms (Levitan et al., 2004; Peleh et al., 2017). Accordingly,
93  chimeric ERV1 proteins combining the N-terminal domain of yeast ERV1 to the core domain of
94  Leishmania tarentolae Ervl thus mimicking the yeast Ervl structural architecture, were able to
95 complement the yeast erv/ mutant (Specht et al., 2018). The question whether parasite and plant
96 Ervl proteins might exert the function of Mia40 was addressed by complementing mia4(0 yeast
97  cells. Whereas none of the tested truncated, chimeric or mutated Ervl constructs from L.
98 tarentolae were able to rescue these cells, AfERV1 did it when a redox inactive but chaperone
99 competent MIA40 protein was co-expressed (Peleh et al., 2017). Altogether, these observations
100  suggested that A/ERV1 was able to some extent to oxidize directly MIA40 substrates as long as
101 they are imported.
102 In order to obtain such a confirmation, we have compared the capacity of the A. thaliana
103 and S. cerevisiae ERV1 to oxidize the Arabidopsis cytochrome c oxidase biogenesis factor
104  COX19 in the presence or absence of the respective MIA40 proteins but also CCMH, a reductase
105  dedicated to the reduction of apo-cytochrome c in the IMS. Moreover, from the reports indicating
106  that glutathione improves protein import both in vivo and in vitro by counteracting in particular
107  the formation of long-lived or unproductive MIA40-substrate covalent intermediates (Bien et al.,
108  2010; Fischer et al., 2013), a possible contribution of glutathione was examined in these in vitro
109  assays.
110
111  Materials and Methods
112
113 Cloning, production and purification of recombinant proteins
114 The open reading frame of A. thaliana COX19 (AT1G69750.1 ) has been amplified from
115 leaf cDNAs using the following primers (restriction sites underlined), AtCOX19 for 5’
116 CCCCCCCCATATGAGTACAGGTGGAGCATTT 3’ and AtCOX19 rev 5’
117 CCCCGGATCCTCAATGTTCGATACTCTCTGT 3’ and cloned into pET15b between Ndel and
118  BamHI restriction sites allowing the production of an N-terminal His-tagged protein. The protein
119  was expressed in the E. coli Origami2 strain cultivated at 37°C in LB medium and protein
120  production was induced at exponential phase by adding 100 uM IPTG (isopropyl-B-D-

121  thiogalactopyranoside) for 4h before collecting bacteria cells, which were resuspended into a 50
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mM Tris-HCI pH 8.0, 300 mM NaCl, 10 mM imidazole buffer. Cell lysis and IMAC protein
purification of His-tagged COX19 was performed using a procedure similar to the one described
previously (Selles et al., 2017).

The recombinant S. cerevisiae and A. thaliana ERV1 and MIA40 and A. thaliana CCMH
have been expressed in E. coli BL21(DE3) from pET24a-ScErvl, pGEX6-ScMia40, pET12a-
AtMIA40, pET12a-AtERV1 and pQE60-AtCCMH plasmids following procedures described
previously (Bien et al., 2010; Chacinska et al., 2004; Meyer et al., 2005; Peleh et al., 2016;
Tienson et al., 2009). Peleh 2017). Protein concentrations were determined
spectrophotometrically using the respective molar extinction coefficients at 280 nm calculated
from the amino acid sequences using the Protparam server tool (AfMIA40: 7365 M .cm™,
AfERV1: 50063 M".cm™, ScMiad0: 11835 M.em™, ScErv1: 42315 M''.em™, 4«CCMH: 3105
M".em™, 41COX19: 3230 M .cm™).

Reduction of COX19 and CCMH proteins
Before each test, around 1 mg of COX19 and CCMH proteins was reduced using a 50-
fold excess dithiothreitol (DTT) during 4 hours at room temperature, then desalted against 50

mM phosphate buffer pH 7.4 using Sephadex-G25 column (Sigma-Aldrich).

Reduction of cytochrome c

The reduction of 20 uM cytochrome ¢ from equine heart (SIGMA-Aldrich, product code
C7752) was followed spectrophotometrically by recording the absorbance changes at 550 nm
over time, usually 60 min (Cary 50 Variant-Agilent). The reaction was performed in 500 pL of
50 mM phosphate buffer at pH 7.4, in presence of 40 uM reduced Arabidopsis COX19 or CCMH
and various combinations of 4. thaliana and S. cerevisiae ERV1 and MIA40 at 4 uM. The
positive control was obtained in the presence of 40 uM DTT. All experiments have been repeated

at least three times and the data shown are representative of the results obtained.

Alkylation shift experiment for redox state detection

For all tests, 40 uM of reduced proteins were incubated with 4 uM of ERV1 alone or in
presence of 4 uM of MIA40 for different times in 50 pL of 50 mM phosphate buffer pH 7.4.
After a precipitation with 10% TCA, reduced cysteines are alkylated with methyl-polyethylene
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glycol-maleimide of 1.2 kDa (mmPEG;4) or 2 kDa (mPEG;¢g9) and 2.5 ug of proteins are loaded
on non-reducing SDS-PAGE gel 17% as described previously (Zannini et al., 2017). The
oxidation of AtCOX19 was also assessed in the presence of an 8§ mM GSH/GSSG mixture
corresponding to a redox potential of - 274 mV at pH 7.4. In fact, this solution corresponded to a
freshly prepared GSH solution in which we have estimated that 0.25% GSSG was present. This
estimate was determined from a spectrophometric detection in an assay containing 200 uM

NADPH, and 0.5 unit baker yeast glutathione reductase (GR, SIGMA).

Results and discussion

ERV1 alone or with a redox inactive MIA40 is not able to oxidize COX19 in vitro

Upon expression in the more oxidizing cytoplasm compartment of the E. coli origami
strain, AfCOX19 was purified in a fully oxidized form as were the yeast and Arabidopsis MIA40
and ERV1 proteins expressed in the regular E. coli BL21(DE3) strain. AtCOX19 possesses four
cysteinyl residues forming two intramolecular disulfides. Its reduction was achieved with a 50-
fold excess of DTT for 4 hours as it has proven to be resistant to reduction and to re-oxidize quite
quickly. In order to assess the capacity of Arabidopsis ERV1, but also of yeast ERVI1 for
comparison, to oxidize a reduced AtCOX19, we have carried out two types of in vitro assays. The
first method measured AtCOX19 oxidation in a coupled assay measuring cytochrome ¢ reduction
at 550 nm over time with catalytic amounts of ERV1 and/or MIA40. Using similar reaction
mixtures, the second method assessed AtCOX19 redox state after cysteine alkylation and
separation on non-reducing SDS-PAGE. In this assay, only reduced cysteine residues are
accessible to modification. This results in a change of the migration behavior that allows
distinguishing different redox forms, i.e. completely reduced or with one or two intramolecular
disulfides.

In the cytochrome ¢ reduction assay, it became apparent that AfERV1 has no or a very
poor capacity to oxidize 41COX19 (Fig. 1A), the presence of 4tMIA40 being crucial to reach a
good oxidation efficiency as compared to the control test performed using DTT instead of
AtCOX19 and both AtERVI1 and AtMIA40 proteins. The same conclusion arose from the
alkylation shift assay (Fig. 1B). In the presence of AtERV1 alone, there are only minimal
amounts of completely oxidized AtCOX19 up to 45 min but rather the formation of a partially

194



184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214

oxidized intermediate with one disulfide. Only after 1h, higher amounts of completely oxidized
AtCOX19 were accumulated. On the contrary, the combined presence of AtMIA40 promoted a
near complete AtCOX19 oxidation at the end of the 1h reaction. Globally, similar results have
been obtained when yeast Mia40 and Ervl proteins were used (Fig. 1C and D), ScErv1 alone
cannot oxidize efficiently A#COX19 in the absence of ScMia40. In both assays, the reaction was
even more efficient with a complete COX19 oxidation after 30 min. This difference in efficiency
between the plant and yeast oxidation systems might be due to an intrinsic difference between
both ERV1 proteins as observed previously when their activity was tested in the cytochrome c
reduction assay performed in the absence of MIA40 (Peleh et al., 2017). In addition, these results
point to an indispensable contribution of MIA40 for COX19 oxidation in these in vitro
conditions.

Previous studies performed in yeast demonstrated that expressing a redox-inactive
ScMia40 version was sufficient to allow substrate import into IMS (Peleh et al., 2016). This
suggested that the sole presence of the hydrophobic cleft on Mia40 sustaining its chaperone
function allowed trapping the substrates which would be oxidized by ERV1. Hence, to examine
whether the oxidase activity of MIA40 from A. thaliana is required for COX19 oxidation, we
have purified a MIA40 variant mutated for both cysteines of the redox motif (SPS) and
performed the same experiments. The cytochrome ¢ reduction assay indicated that the level of
reduced cytochrome c is not noticeably increased in the presence of the AtMIA40 SPS variant as
compared to AtfERV1 alone and well below the assay with a non-mutated AtMIA40 (Fig. 1E).
Accordingly, the alkylation shift assays (Fig. 1F) showed that only minimal amounts of fully
oxidized A1COX19 were formed in an assay comprising this AtMIA40 SPS variant.

Arabidopsis MIA40 oxidase activity is modulated upon interaction with SCERV1

Unlike yeast and human, the maturation of ¢ type cytochromes in the IMS of plant
mitochondria requires a reducing component called CCMH (Sanders et al., 2010). This protein
possesses a Cx,CH motif allowing apo-cytochrome c reduction before heme incorporation and
this catalytic pair of cysteines is found in the IMS (Meyer et al., 2005). Hence, as a second step,
we have analyzed whether MIA40/ERV1 couples can oxidize CCMH. The observation that the
yeast Mia40/Erv1 couple was more efficient in oxidizing AtCOX19 suggested that these proteins

have different redox properties. Using the same read-outs (cysteine alkylation and cytochrome c
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reduction assays) (Fig. 2A and B), we have observed that AtERV1 was unable to oxidize
AtCCMH and adding AtMIA40 resulted in very poorly efficient reaction as most AtCCMH
remained in a reduced state after 1 hour. On the contrary, a complete oxidation of AtCCMH was
visible in less than 5 min in both assays using yeast counterparts (Figure 2C and D). This
oxidation requires the presence of both proteins as ScErvl alone does not have the capacity to
oxidize efficiently AtCCMH. These data indicated that one of the yeast oxidases has particular
redox properties that the plant ortholog does not have and prompted us to perform a test where
AMIA40 was combined with ScErvl. The other combination cannot be tested as we previously
observed that AfERV1 does not have the capacity to oxidize ScMia40 (Peleh et al., 2017). In this
combination, AtMIA40 was now able to oxidize AfCCMH efficiently, although the reaction
appeared slightly less efficient than with the complete yeast system (Figs. 2E and F). This
unexpected observation should not (or not only) correspond to a better efficiency of ScErvl to
oxidize AtMIA40. Rather it indicates that ScErv1 participates in the oxidation reaction by acting
on AtCCMH, AtMIA40 or both, thus promoting MIA40 activity. It has been proposed in some
studies that ternary complexes are formed in yeast involving Ervl, Mia40 and the substrate
(Bottinger et al., 2012; Stojanovski et al., 2008). This will have to be investigated for plant

proteins.

Arabidopsis ERV1 oxidizes COX19, a MIA40 substrate, in the presence of GSH

Although previous observations indicated that AtERV1 was able to complement a yeast
mia4(0 mutant expressing a redox-inactive Mia40 and suggested an oxidase activity of ERV1, the
in vitro results shown in Figure 1 pointed to the requirement of a redox-active AtMIA40 for
AtCOX19 oxidation by AtERVI1. Previous studies reported that elevated glutathione
concentrations (5 to 13 mM) are present in the IMS with measured redox potentials comprised
between -255 and -300 mM in yeast cells and of ca -290 mV in human cells (Fischer et al., 2013;
Hu et al., 2008; Kojer et al., 2012; Ostergaard et al., 2004). Moreover, it was shown that the
glutathione pool of the IMS equilibrated with the cytosol glutathione pool due to the passive
exchange of GSH via porins (Kojer et al., 2012). Such redox component could be the missing
factor in our in vitro assay as compared to the yeast cellular context. Indeed, the GSH pool
influences Mia40 redox state, although MIA40 is only slowly reduced by GSH (Bien et al., 2010;
Kojer et al., 2012). With the report that low amounts of Grx2 are present in the mitochondrial
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IMS of yeast, it was proposed that Grx2 mediates this GSH effect (Calabrese et al., 2017; Kojer
et al., 2015). Hence, the presence of these components may ensure some sort of proofreading
activity for misfolded proteins or avoiding protein misfolding at the import step (Bien et al.,
2010) in a way somehow similar with oxidative folding in the ER where protein disulfide
isomerase (PDI) activity is assisted by GSH (Appenzeller-Herzog, 2011).

The impact of glutathione on AtCOXI19 oxidation was thus examined over a longer
period, typically 3 hours, using a concentration of 8 mM and a GSH/GSSG ratio corresponding to
a redox potential of -274 mV at pH 7.4, the timeframe and average values for glutathione were
chosen based on previous studies (see above) and somehow imposed by the presence of 0.25%
GSSG in freshly prepared GSH solutions. At these values, a significant oxidation of AtCOX19
occurred when only glutathione was present, the fully oxidized form representing ca 40% of the
total AtCOX19 at the end of this experiment (Fig. 3A). Hence, the low amounts of GSSG and/or
the combination of GSH and O, is sufficient to introduce both disulfides in AtCOX19. Then, the
impact of this GSH/GSSG buffer was assayed in presence of the yeast (Fig. 3B) and Arabidopsis
(Fig. 3C) MIA40/ERV1 couples. ScErvl was unable to oxidize AtCOX19 in the presence of
glutathione and the reaction still required ScMia40 (around 90 % of AtCOX19 oxidation after 30
min as observed in Figure 1). On the contrary, AtERV1 was able to oxidize AtCOX19 in the
presence of glutathione (80% of oxidized AtCOX19 after 3 hours) and the reaction is not
improved by the presence of AtMIA40 (Fig. 3C). Overall, unlike yeast proteins, there is a clear
effect of GSH on Arabidopsis MIA40/ERV1 oxidizing properties, GSH or GSSG supporting an
ERV1 oxidase activity and maybe counteracting MIA40 activity.

Model for the oxidation of COX19 by AtERV1 in the presence of GSH

We have previously observed in a cytochrome reduction assay that AtERV1 oxidized reduced
glutathione or in other words that AtERV1 is reduced by GSH whereas SCERV1 had a poor
capacity to do so (Peleh et al., 2017). As already mentioned, these proteins differ by the position
of their so-called shuttle disulfide (N-terminal for ScErvl vs C-terminal for AtERV1) and
cysteine spacing residues (2 residues for ScErv1 vs 4 residues for AtERV 1) whereas the signature
and position of the catalytic disulfide are in principle unchanged. Hence, the difference in redox

properties is likely due to the shuttle disulfide. In the yeast protein, the midpoint redox potential
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of this dithiol-disulfide couple was measured to be -320 mV at pH 7.0 whereas the one of the
catalytic pair of cysteines was - 150 mV (Dabir et al., 2007). Hence, it is now mandatory to
measure the redox potential of the disulfides present in AtERV1 and notably the one for the
shuttle disulfide, with the expectation to get a less negative value. In absence of this information,
we have built a hypothetical model proposing that, in the absence of MIA40 but presence of
reduced glutathione, an oxidized AtERV1 mediates substrate glutathionylation (Figure 4). In this
model, GSH reacts with the shuttle disulfide of AtERV1 generating a glutathionylated ERV1
intermediate that can react with the substrate thiols to form an intramolecular disulfide and
releasing GSH but not disulfide glutathione. Complete substrate oxidation could then proceed via
oxygen as proposed previously (Banci et al., 2009) or via another turnover involving AtERV1.
Note that in the assay without cytochrome, AtERV 1 should pass electrons to molecular oxygen to
get re-oxidized. An alternative mechanism may be considered where GSH participates in the
reduction of disulfides formed between ERV1 and MIA40 substrates. A recognition of MIA40
substrates by ERV1 would make sense based on the very similar 3D structures adopted by
MIA40 and their substrates.

The absence of additive effect of MIA40 in the ERV1- and GSH-mediated oxidation of
AtCOX19 using Arabidopsis proteins as compared to the yeast proteins (Figure 3) also suggests
that the MIA40 redox properties differ between both organisms. The redox potential of the CPC
dithiol-disulfide couple was determined to be -200 mV and -290 mV for the human and yeast
protein respectively (Banci et al., 2009; Tienson et al., 2009). This more negative value for the
yeast protein may explain why GSH does not reduce it very well (Bien et al., 2010). Coupled to
the weak isomerase activity of yeast MIA40, it was proposed that GSH is involved in the
reduction/isomerisation of misfolded proteins (Bien et al., 2010; Hudson and Thorpe, 2015).
Nevertheless, while some in vivo and in vitro studies indeed showed positive effects of GSH
(Bien et al., 2010; Fischer et al., 2013), other studies have the opposite conclusion that GSH
inhibits the import and/or oxidation of some Mia40 substrates (Neal et al., 2015). This indicates
that changes in the concentrations and redox state of glutathione are likely critical factors in vivo
but also for in vitro assays. There is also an urgent need to determine whether a dithiol GRX is
present in the mitochondrial IMS of plants and measure the redox potential of the MIA40
catalytic disulfide. By comparing it with the one of glutathione in the IMS of plant mitochondria,
it may help determining to which extent MIA40 is oxidized in plant cells. A recent study
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concluded that the in vivo redox state of Mia40 at steady state in yeast cells is about 70%

oxidized and that it is influenced both by ERV1 and glutathione (Kojer et al., 2012).

Conclusions

The results presented in this study highlight the specificity of the plant ERV1-MIA40 pathway
towards GSH and two IMS proteins, COX19 and CCMH. It is first interesting to note that the
Arabidopsis ERV1-MIA40 couple is poorly able to oxidize CCMH. This may explain why no
reducing system has been identified in plants so far unlike in bacteria such as E. coli where
reduction of the periplasmic ortholog is assisted by CCMG using electrons coming the cytoplasm
and transferred by the membrane CcdA protein (Verissimo et al., 2017) . One of the difference
between these systems is the presence of high GSH concentrations in the IMS and eventually of
glutaredoxins although this remain to be established for plants. The next step will be to verify in
vitro the capacity of GSH alone or with glutaredoxin to reduce CCMH. The second important
conclusion is the observation that the in vitro requirement of MIA40 for COX19 oxidation is
abolished when ERV1 and physiological concentrations of glutathione provided at a
physiological redox potential are present. The capacity of 4tfERV1 to bypass MIA40 function in
this context may actually explain why AfERV1 was able to complement a yeast mia40 mutant,
restoring the amount of MIA40 substrates (Peleh et al., 2017) and why the role of AtMIA40 is

dispensable in A. thaliana but not in other organisms.
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Figure legends

Figure 1. In vitro oxidation of Arabidopsis COX19 protein by the ERV1-MIA40 couple
from Arabidopsis thaliana and Saccharomyces cerevisiae.

Capacity of ERV1 alone or in the presence of MIA40 to oxidize the Arabidopsis COX19 protein
using A. thaliana (A, B, E, and F) and S. cerevisiae (C and D) proteins. In E and F, an 4tMI1A40
variant lacking the catalytic cysteines of the CPC motif (4/MIA40 SPS) has been used. In A, C,
E, COX19 (40 uM) oxidation was followed over time by cysteine alkylation using mmPEG,4 and
SDS PAGE separation after incubation with 4 uM ERVI1 alone or in presence of 4 uM of
MIA40. In B, D, F the electron transfer from reduced COX19 (40 uM, grey line) was followed
by recording the reduction of 20 uM cytochrome ¢ at 550 nm over time in the presence of 4 uM
of ERV1 alone (red line) or with 4 uM of MIA40 (blue line). A reference was made using 40 uM

of DTT as an electron donor (black line).

Figure 2. In vitro oxidation of Arabidopsis CCMH by the ERV1-MIA40 couple from
Arabidopsis thaliana and Saccharomyces cerevisiae.

Capacity of A. thaliana (A, B) and S. cerevisiae (C and D) ERVI/MIA40 couples to oxidize
Arabidopsis CCMH using cysteine alkylation using mPEGypp90 or mmPEG,4 and SDS PAGE
separation or cytochrome c reduction as described in figure 1. In all these assays, 40 uM CCMH

was incubated with 4 uM ERV1 alone or in presence of 4 uM of MIA40. In E and F, the same
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tests were performed using an hybrid system comprising S. cerevisiae ERV1 and A. thaliana

MIA40.

Figure 3. In vitro oxidation of Arabidopsis COX19 protein by the ERV1-MIA40 couple
from Arabidopsis thaliana and Saccharomyces cerevisiae in the presence of glutathione.

The oxidation of AtCOX19 (40 uM) was followed over time by the cysteine alkylation assay
(mmPEGy4 alkylation and SDS PAGE separation) in the presence of a total glutathione
concentration of 8 mM adjusted to a midpoint redox potential for the GSH/GSSG couple of — 274
mV at pH 7.4 (A). The capacity of Arabidopsis or yeast ERV1 alone, or in presence of MIA40,
each at a 4 uM concentration, was tested in the same conditions (B, C). The amount of fully
oxidized AtCOX19 relatively to the total AtCOX19 amounts was quantified in each condition.

Mean values + SD of at least three replicates are shown.

Figure 4. Proposed model for the ERV1 and GSH-mediated oxidation of Arabidopsis
COX19 in the absence of MIA40.
In this scheme, reduced glutathione (GSH) reacts with the shuttle disulfide of ERV1 (Cx,C)

(rather than the catalytic disulfide), leading to the formation of a glutathione adduct on one of
these cysteines. The glutathione molecule would then be transferred to one of the cysteine
residues forming the more internal disulfide in the substrates to promote disulfide bond formation
and the release of GSH. The second disulfide bridge of the substrate could be formed by the same
mechanism (ERV1 + GSH) but eventually by the action of O, or GSSG. The catalytic Cx,C motif
of ERV1 is subsequently regenerated by transferring electrons to the catalytic Cx,C motif, FAD

and oxygen (O,) or cytochrome ¢ (cyt ¢).
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Les travaux effectués lors de mon doctorat, financés par le Labex ARBRE (Advanced
Research on the Biology of TRee and Forest Ecosystems), ont porté sur 1’identification de
nouvelles fonctions régulées par des métaux ou par des processus redox chez les plantes. Ce
projet avait pour but de définir le role de protéines contenant un ou plusieurs motifs CxxC
conserveés chez les plantes et dont les fonctions étaient inconnues ou incertaines. J’ai donc été
amené a travailler sur différentes protéines aux propriétés et fonctions variables: (i) la
GRXS16 chloroplastique et (ii) les TRXs ol et 02 mitochondriales dont la caractérisation
biochimique était parcellaire ; (iii) la PDI-A de peuplier qui n’avait pas été caractérisée (iii) et
les protéines MIA40/ERV1 présentes dans I’IMS des mitochondries et pour lesquelles les
données fonctionnelles décrites paraissaient questionnables. Les résultats ayant déja été
discutés de manicre extensive dans les articles, je ne reprendrai dans cette conclusion générale
que les ¢léments de discussion clés afin de proposer des modéeles et des pistes d’études

supplémentaires.

I. Impact de la réduction par le systéme TRX sur le(s) role(s) de la GRXS16
chloroplastique

Les GRXs de classe II contiennent un site actif CGFS extrémement bien conservé.
Arabidopsis thaliana possede 4 GRXs de classe II, GRXS14 a GRXS17, localisées au sein du
chloroplaste (GRXS14 et GRXS16) (Bandyopadhyay et al., 2008), de la mitochondrie
(GRXS15) (Moseler et al., 2015; Stroher et al., 2016) et du noyau/cytosol (GRXS17)
(Knuesting et al., 2015). A part GRXSI1S5, toutes ces GRXs sont capables de complémenter
parfaitement le mutant grx5 de levure suggérant un réle dans la maturation des centres Fe-S
(Bandyopadhyay et al., 2008; Moseler et al., 2015). Par ailleurs, du fait leur capacité a fixer et
transférer des centres Fe-S, le role des GRXs de classe II dans la maturation des protéines Fe-
S est a présent bien établi méme si des évidences manquent encore chez les plantes. A
contrario, leur activité oxydoréductase est encore source de questionnement méme si la
capacité de certaines de ces GRXs a réduire in vitro les protéines BOLA2 et SUFEI
glutathionylées a ¢été démontrée (Couturier et al., 2014). Que ce soit pour la
déglutathionylation ou la fixation d’un centre Fe-S, il est nécessaire que ces GRXs soient
présentes sous une forme réduite ce qui pose la question du ou des mécanismes impliqués
dans leur réduction. La caractérisation biochimique de GRXS16 a mis en évidence 1’existence
d’un pont disulfure intramoléculaire entre les cystéines 158 et 215 du domaine GRX (comme
démontré dans la GRX3 de Chlamydomonas reinhardtii, 1’orthologue de GRXS14) qui peut

étre formé par réaction avec H,O, mais aussi avec des formes oxydées du glutathion (GSSG,
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Figure 23: Régulation de ’activité de la GRXS16 d’A. thaliana.

La formation d’un pont disulfure intramoléculaire au sein de la GRXS16 en présence d’especes oxydantes
(H,0,, GSSG et/ou GSNO, voire des substrats glutathionyles) devrait empécher la protéine de lier un centre
Fe-S et donc de participer a la maturation des protéines Fe-S. La réduction du pont disulfure par
I’intermédiaire du systétme TRX/FTR/FDX chloroplastique suggere un controle du role de GRXS16 (et par
extension de GRXS14 qui possede la méme cystéine additionnelle) par la lumiére.
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GSNO), donc y compris des substrats glutathionylés (Figure 23). Par contre, aucune
régulation redox de I’activité endonucléase de la protéine n’a été observé contrairement a ce
qui avait été rapporté précédemment (Liu et al., 2013). Contrairement aux GRXs de classe I,
ce pont disulfure intramoléculaire n’est pas réduit par le GSH mais par le systtme FTR/TRX.
Cette forme d’oxydation pourrait donc représenter une forme de régulation redox des GRXs
de classe II possédant ces deux cystéines conservées. Une dépendance unique vis-a-vis du
systtme TRX/FTR ferait donc que la capacité de la GRXS16 a fixer un centre Fe-S et donc
son role au sein de la machinerie d’assemblage des centres Fe-S chloroplastique puissent étre
directement liés au cycle jour/nuit et controlés au niveau post-traductionnel. Ces résultats font
¢cho a I’absence de régulation transcriptionnelle observée pour la plupart des facteurs de
maturation des protéines Fe-S, mais a I’observation que certains transcrits seraient traduits de
manicre différentielle au cours de la journée, faisant donc un autre lien potentiel avec la
photosynthése (Zhang and Kridmer, 2018). Corroborant cette hypothese, 1’abondance de
certaines protéines de la machinerie SUF diminue dans des feuilles soumises a une obscurité
prolongée (Rey et al., 2017). Des ¢tudes plus approfondies de protéomique quantitative

permettraient de répondre plus clairement a cette question.

Enfin, il n’est toujours pas clair si les GRXs de classe Il possédent une activité
oxydoréductase (qui serait significative au moins dans certaines conditions). Le probléme des
¢tudes passées concernant GRXS16 est qu’il existe deux GRXs de classe II dans le
chloroplaste ainsi que deux GRX de classe I (GRX C5 et S12). La croissance végétative de
simples mutants d’Arabidopsis pour GRXS14 et GRXS16 ou d’un double mutant (KO pour
GRXS14 et KD pour GRXS16) étant peu ou pas affectée dans des conditions standards de
croissance, il est possible que certaines fonctions soient redondantes avec celles des GRXs de
classe 1. Des phénotypes seraient par exemple a chercher en réponse a des contraintes
environnementales spécifiques. Ainsi, chez la tomate un mutant silencieux pour la grxs/6
présente une sensibilité accrue au stress osmotique (Guo et al., 2010). Afin d’étudier la
capacit¢ de GRXS16 a (dé)glutathionyler des protéines cibles, 1’é¢tude du glutathionylome
d’un mutant grxs/6 qui aurait poussé dans des conditions standard et de stress pourrait étre
envisageable. Des expériences complémentaires de biochimie in vitro, notamment des
mesures d’activités enzymatiques, utilisant des protéines préalablement identifiées comme
régulées par glutathionylation pourraient aussi permettre de répondre a cette question. Enfin,

dans le but d’identifier des partenaires potentiels, il pourrait étre pertinent d’effectuer des
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expériences de pull down a I’aide de variants mutés pour les cystéines impliquées dans la

formation du pont disulfure.

I1. Y’a-t-il un lien entre les TRX o1 et 02 et la maturation des centres Fe-S
mitochondriaux chez A. thaliana ?

Les plantes possedent généralement une a deux TRXs mitochondriales appartenant
aux classes h et o. Toutefois, A. thaliana présente la particularit¢ de posséder trois TRXs
mitochondriales, TRXo1, TRXo02 et TRXh2 (Gelhaye et al., 2004a; Laloi et al., 2001). En
outre, ces TRXs o pourraient aussi étre présentes dans le noyau et le cytosol (Delorme-Hinoux
et al., 2016; Geigenberger et al., 2017) et TRX h2 dans le cytosol (Fonseca-Pereira et al.,
2019a). 1l a été montré que 1’isoforme TRXh2 est capable de réduire ’homodimere covalent
AOX permettant son activation par le pyruvate (Gelhaye et al., 2004b) alors que la TRXo1 ne
serait pas impliquée dans le contrdle redox de ’AOX (Florez-Sarasa et al., 2019) et qu’un
mutant trxh2 chez A. thaliana présente de multiples déficiences, notamment une germination
retardée des graines et des défauts photorespiratoires (Fonseca-Pereira et al., 2019a).

En ce qui concerne les TRXs o, le mutant de 1’isoforme majoritaire #7xo/ et le double mutant
trxol/trxo2 ne présentent pas de phénotypes visibles. Cependant dans des conditions de stress
salin, un niveau plus important de lipides peroxydés et d’H,O, est détecté. Ceci est
accompagné d’activités catalase et SOD plus élevées de méme qu’un niveau de fermeture des
stomates plus important (Calderon et al., 2018). En accord avec cette précédente étude,
d’autres données décrites la méme année ont mis en avant que le mutant t7xo/ présentait une
accumulation de métabolites secondaires ainsi qu’une forte conductance stomatique
permettant une meilleure récupération apres deux épisodes de sécheresse (Fonseca-Pereira et
al., 2019b). Globalement, les études sur TRXol suggerent un role dans la régulation
(activation ou désactivation selon les cas) de diverses enzymes du cycle de Krebs (Daloso et
al., 2015; Florez-Sarasa et al., 2019; Reinholdt et al., 2019; Schwarzlédnder and Fuchs, 2019).
Dans le but d’identifier I’'importance respective de ces TRX mitochondriales chez A. thaliana,
et la redondance entre les TRX o et la TRX h2, il serait informatif de comparer le protéome
redox des mutants correspondants mais aussi de doubles mutants trxh2 x trxol ou trxh2 x
trxo2 voire d’un triple mutant trxh2/trxol/trxo2. De maniére intéressante, les études
précédentes ont permis de mettre en évidence une centaine de partenaires des TRXs o chez A.
thaliana, dont un certain nombre évoluant dans le cycle TCA, la photorespiration, le
métabolisme des acides aminés, la détoxication des ROS ou I’assemblage des centres Fe-S

(Daloso et al., 2015; da Fonseca-Pereira et al., 2019; Yoshida and Hisabori, 2016; Yoshida et
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al., 2013). Il serait donc pertinent de réaliser une approche comparable avec la TRX h2 puis
de comparer in vitro les capacités respectives de ces protéines pour la réduction des cibles.
C’est notamment dans ce but que les protéines recombinantes correspondant aux formes
matures de TRXo1 et TRXo02 ont ét¢ produites. D’une manicre surprenante, il a été observé
que les TRXol et TRXo02 fixent un centre [4Fe-4S] au sein d’un homodimeére a 1’aide des
deux cystéines du site actif WCGPC. Des analyses plus poussées sont nécessaires afin de
caractériser davantage la nature du centre Fe-S via des expérimentations EPR ou de
spectrométrie Mdssbauer ou de déterminer si ce centre possede des propriétés redox. Bien que
cela puisse paraitre surprenant, d’autres études ont démontré la capacité de certaines TRXs ou
TRXs-like a coordonner un centre Fe-S. Nous pouvons citer le cas de la PDI non
conventionnelle de peuplier (PtPDIA) (Selles et al., 2017) et d’un variant de la Trx A d’E.
coli (signature CACA) (Collet et al., 2005), toutes deux capables de fixer un centre [2Fe-2S]
au sein d’homodimeéres. Une TRX atypique (IsTRP) présente chez un parasite de ’homme a
¢été également décrite pour coordonner un centre de type [2Fe-2S] (Bisio et al., 2016). Enfin,
une derniere étude parue cette année a démontré la capacité de la Trx A de Bacillus subtilis a
coordonner un centre Fe-S (Zheng et al., 2019). La spécificité a coordonner un cofacteur Fe-S
¢tait jusqu’a présent attribuée principalement aux GRXs, mais il se pourrait que cela constitue
une caractéristique commune a plusieurs membres de la superfamille des TRXs. Au contraire
des GRXs, aucune fonction biologique n’a pour I’instant été avancée concernant la capacité
de la PDIA et des TRXs o a fixer un centre Fe-S. Des analyses plus poussées seraient
nécessaire afin de comprendre leurs roles. La présence de ce centre Fe-S pourrait ainsi induire
une inactivation transitoire de ces enzymes permettant la régulation de leur activité, comme
suggéré pour les GRXs (Lillig et al., 2005). Néanmoins, bien que la capacité de certaines
TRXs a fixer un centre Fe-S in vitro ou lors de leur surexpression en systéme hétérologue ne
fasse aucun doute, la présence de ces formes in vivo n’a pour I’instant pas ¢été confirmée. Pour
vérifier la présence de ces formes holo in cellulo, une possibilité serait d’exprimer ces TRXs o
dans des levures cultivées en présence de fer marqué (Fe’’) comme cela est couramment
pratiqué chez le Pr Roland Lill (Marburg) pour I’étude des systémes de maturation des
protéines Fe-S. Aprés immunoprécipitation en condition anaérobie, la présence de fer
radioactif (et donc potentiellement de centre Fe-S) associé a la protéine peut étre détectée par
scintillation.

De maniére importante, l'inactivation de la TrxA ou de la thiorédoxine réductase (TrxR)
diminue l'activité des enzymes Fe-S chez B. subtilis (Zheng et al., 2019). Ces résultats

fournissent donc un lien potentiel entre régulation redox et métabolisme de centres Fe-S. Il a
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Figure 24: Modéle proposé concernant la connexion entre les TRXs o mitochondriales chez A. thaliana
et la biogenese des centres Fe-S.

Les TRXs ol et 02 peuvent réduire les protéines de transfert NFU4/5 afin que ces derniéres puissent fixer
leur centre [4Fe-4S] et le transférer vers leur cible, telle que la lipoate synthase (LIP1). La liaison d’un
centre Fe-S au sein de ces TRXs o pourrait donc moduler cette activité réductase dans certaines conditions.
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été propos¢€ que cette TRX ait une réactivité sélective vis-a-vis d’intermédiaires persulfures
liés aux protéines et notamment de la cystéine désulfurase (SUFS) et de son partenaire
(SUFU) suggérant un réle comme réducteur physiologique dans les voies de transfert du
soufre. Ces résultats font écho a la capacité¢ de la TRX ol a interagir avec des facteurs de
maturation ISC (NFUS5, ISCA et cystéine désulfurase NFS1) (Yoshida et al,. 2013) ainsi qu’a
I’interaction décrite avec des sulfurtransférases, protéines qui forment des intermédiaires
persulfure sur une cystéine réactive et participent a la biosyntheése d’H,S (Henne et al., 2015).
La figure 24 décrit donc la possibilité que ces deux TRXs o servent a la réduction des
protéines NFU4 et 5, comme démontré in vitro, mais aussi potentiellement des autre facteurs
ISC ou des protéines Fe-S cibles. En condition optimale de maturation des protéines Fe-S, ces
TRX o pourraient incorporer un centre Fe-S par une voie qui reste a déterminer (implication
des protéines NFU et ou ISCA ?) ce qui aurait pour conséquence d’inactiver leur activité

réductase.

III. La singularité de la voie MIA40 chez A. thaliana : le role central
d’ERV1

Une des particularités de I'IMS est la présence d’un systeme d’import des protéines qui
s’effectue de fagon concomitante a leur repliement structural et qui implique les protéines
MIA40 et ERVI1. Contrairement aux Opistochontes, les études menées chez A. thaliana
mettaient en évidence le caracteére accessoire de 1’oxydoréductase MIA40 et 1’incapacité des
deux protéines a complémenter les mutants de levure correspondants (Carrie et al., 2010;
Levitan et al., 2004). J’ai donc essayé de comprendre quelles caractéristiques biochimiques de
MIA40 ou d’ERV1 pouvaient expliquer cette observation. Nos premiers résultats obtenus
avec I’isoforme ERV1 d’A. thaliana, adressée de maniére certaine dans I’IMS, montraient en
réalité une complémentation partielle du mutant erv/ de levure. Ceci est lié au fait quERV1
d’ Arabidopsis est incapable de régénérer Mia40 de levure efficacement aussi bien in vitro que
in vivo, et ceci bien que ’interaction entre les 2 protéines se fasse. Il est vraisemblable que la
divergence structurale des protéines ERV1 présentes chez la levure et chez les organismes
photosynthétiques soit a I’origine de cette inefficacité. De maniére surprenante, nous avons
¢galement mis en évidence la capacité d’4tERV1 a oxyder des substrats de Mia40 de levure et
donc a complémenter un mutant mia40 co-exprimant une version de Mia40 inactive d’un
point de vue redox mais capable de piéger ses substrats. Ceci nous a conduit a tester la
capacité d’ERV1 a oxyder in vitro la protéine COX19. Les résultats indiquent qu’ERV1 peut

oxyder COX19 en absence de MIA40 si du glutathion est présent a des concentrations (entre 5
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Figure 25: Modéle de ’oxydation des protéines au sein de I’'IMS. Chez les Kinétoplastidés qui ne
possedent pas MIA40, la fonction oxydoréductase pourrait €tre assurée par Mic20. Chez les Opistochontes,
I’oxydation des substrats dépend complétement de MIA40. Chez les organismes photosynthétiques, nous
envisageons que selon les cibles, ERV1 pourrait agir avec MIA40 ou avec le glutathion.
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et 13 mM) et potentiels redox (-255 mV a -300 mV) physiologiques (Calabrese et al., 2017,
Herrmann and Riemer, 2012; Riemer et al., 2011). Ces résultats confortent une étude
effectuée in vivo chez la levure qui concluait sur I’importance du GSH au cours de ce
processus d’import et de repliement oxydatif (Bien et al., 2010). Ces résultats indiquent donc
que la protéine ERV1 présente chez les organismes photosynthétiques peut oxyder
directement certains substrats de MIA40 au dépend du GSH et pourrait expliquer que MIA40
n’est pas indispensable chez les plantes. La compilation de ces données permet de proposer un
nouveau modele évolutif concernant cette voie d’import des protéines au sein de I’IMS chez
les plantes (Figure 25). Il est possible que ce modele s’applique a certains organismes qui ne
possedent pas MIA40 (appartenant en particulier a I’embranchement des Kinétoplastidés)
mais qui possedent une isoforme d’ERV1 a I’architecture comparable a celle des isoformes de
plantes. Cependant, des études récentes ont mis en évidence I’incapacit¢ d’ERVI1 de
Leishmania tarentolae a oxyder les substrats de MIA40 chez la levure et I’existence d’une
nouvelle oxydoréductase potentielle appelée Mic20 qui pourrait éventuellement pallier a
I’absence de Mia40 (Kaurov et al., 2018; Specht et al., 2018). De nouvelles études de
complémentation fonctionnelle du mutant mia40 de levure utilisant Mic20 de Leishmania,
mais aussi des approches biochimiques in vitro sont nécessaires afin de confirmer ces données
et de continuer plus globalement a décrypter 1’évolution de ce systéme au sein des organismes
eucaryotes. Il avait été suggéré précédemment que le GSH pouvait servir pour la
correction/isomérisation de ponts disulfure aberrants formés dans certaines protéines de I’IMS
car I’oxydoréductase MIA40 ne présente a priori aucune activité isomérase (Bien et al., 2010;
Hudson and Thorpe, 2015). Le réle du GSH dans le mécanisme d’oxydation par ERV1 reste a
étre exploré. A I’heure actuelle, on ne sait pas si les concentrations et potentiel redox du
couple GSH/GSSG dans I'IMS des mitochondries de plantes sont comparables a ceux
déterminés pour S. cerevisiae, ni si les variations de structure au niveau d’ERV1 lui confére la
capacité a étre oxydé par le GSSG et donc a catalyser des réactions de glutathionylation ou a
reconnaitre des substrats glutathionylés. De mani¢re analogue aux PDI intervenant dans le
repliement structural et I’isomérisation des protéines sécrétées ou résidant dans le RE et qui
peuvent pour certaines aussi dépendre de la présence de GSH, ERV1 pourrait aussi posséder
cette activité isomérase. Il serait possible d’utiliser les substrats habituels des PDIs,
notamment la RNase A, pour tester a la fois les activités d’oxydation et d’isomérisation
d’ERV1. Pour confirmer un réle du GSH dans I’import de protéines au sein de 'IMS chez les

plantes, il est possible d’utiliser les mutants possédant des niveaux variables en GSH (cad2,
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zirl, rmll etc) mais aussi mutés pour les glutathion réductases qui possederont des niveaux
plus importants en GSSG, peut €tre en les croisant avec le mutant mia40.

Concernant MIA40, il subsiste donc de nombreuses zones d’ombre sur sa fonction au sein de
I’IMS mais aussi du peroxysome (Carrie et al., 2010). L’identification des substrats de MIA40
dans les peroxysomes est une perspective intéressante. Il est possible de réaliser des
expériences de pull down par exemple par utilisation d’un mutant cystéinique du site
catalytique avec des fractions enrichies en peroxysomes, voire effectuer de la co-
immunoprécipitation a partir de plantes complémentées par une version peroxysomale
uniquement. Il est possible que MIA40 n’ait qu’un réle dans les peroxysomes ou ERV1 est a
priori absent mais ou les concentrations et le potentiel redox du GSH sont aussi différents.
Ainsi, il apparait donc nécessaire d’effectuer une étude biochimique fine des propriétés de
MIA40 mais aussi d’ERV1 de plantes vis-a-vis du GSH en déterminant par exemple les
potentiels redox des ponts disulfures catalytiques et 1’efficacité de leur réduction par le GSH.
En somme, il est possible que MIA40 ne serve que pour le repliement de protéines non
essentielles chez les plantes et potentiellement pour I’'import de substrats présentant une
signature atypique. Il serait donc intéressant de déterminer aussi in vitro la capacité de ces
molécules (MIA40, ERV1 et GSH) a oxyder des protéines telles que la phosphatase SLP2 ou
CCSI, le chaperon a cuivre des SOD (Carrie et al., 2010; Uhrig et al., 2017). Il est par contre
possible que le réle de certaines protéines substrats de MIA40 devienne prédominant dans
certaines conditions. Il est ainsi envisageable de tester les réponses du mutant mia40 a des
conditions de stress oxydants ou réducteurs. Mes observations préliminaires indiquent que la
germination du mutant mia40 est plus sensible a la présence de DTT que des plantes
sauvages. Il devient donc pertinent d’effectuer une approche de protéomique quantitative du

mutant mia40 dans cette condition de stress réducteur.
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Résumé : La présence de cystéines réactives confere a de nombreuses protéines des propriétés redox
et/ou la capacité a lier des ions métalliques. Ce projet, organisé en plusieurs axes, visait a caractériser
des protéines possédant un motif CxxC conservé et éventuellement un repliement de type thiorédoxine
(TRX) chez les plantes. Il s’avere que les TRX ol et 02 mitochondriales, la protéine disulfure isomérase
atypique PDI-A et la glutarédoxine (GRX) S16 chloroplastique d’A. thaliana exprimées sous formes
recombinantes dans Escherichia coli incorporent toutes un centre Fe-S au sein d’homodimeéres dont la
fonction reste a déterminer. L’analyse des propriétés redox des apo-protéines indiquent que la PDI-A et
la GRXS16 ne possédent pas ou peu d’activité oxydoréductase respectivement bien que des
ponts disulfure intramoléculaires soient formés entre cystéines conservées. Dans le cas de la
GRXS16, la régulation de son état redox se ferait via la lumiere puisque le pont disulfure est réductible
par des TRX mais pas par le glutathion. Le dernier axe de recherche concernait I’étude des
propriétés de 1’oxydoréductase MIA40 et de la flavine oxydase ERV1, impliquées dans 1’import
et le repliement oxydatif de protéines au sein de I’espace intermembranaire des mitochondries. Les
résultats suggerent que la singularité de ce systéme chez les plantes repose sur la structure atypique
d’ERV1 et sa capacité¢ a oxyder des protéines en présence de glutathion mais en absence de
MIA40, qui est en revanche indispensable chez la levure ou ’homme.

Mots clés : Arabidopsis thaliana, régulation redox, centre Fe-S, thiorédoxine, glutarédoxine, repliement
oxydatif, MIA40/ERV 1

Abstract : The presence of reactive cysteines confers redox properties and/or the ability to bind metal
ions to numerous proteins. This project, organized in several axes, aimed at characterizing proteins with
a conserved CxxC motif and possibly a thioredoxin (TRX) fold in plants. It appears that
the mitochondrial TRX ol and o2, the atypical protein disulfide isomerase PDI-A and the
chloroplastic glutaredoxin (GRX) S16 from A. thaliana expressed as recombinant proteins in
Escherichia coli all incorporated an Fe-S center within homodimers whose function remains to be
determined. Analysis of the redox properties of apo-proteins indicates that PDI-A and GRXS16 have
little or no oxidoreductase activity respectively although intramolecular disulfide bridges are formed
between conserved cysteines. In the case of GRXS16, its redox state would be regulated by light as the
disulfide bridge is reducible by TRX but not by glutathione. The last research axis concerned the study
of the properties of the MIA40 oxidoreductase and the ERV1 flavine oxidase, involved in the import
and oxidative folding of proteins within the inter-membrane space of mitochondria. The results
suggest that the singularity of this system in plants is based on the atypical structure of ERV1 and its
ability to oxidize proteins in the presence of glutathione but in the absence of MIA40, which is essential
in yeast or humans.

Keywords: Arabidopsis thaliana, redox regulation, Fe-S cluster, thioredoxin, glutaredoxin,
oxidative folding, MIA40/ERV 1
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