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ABSTRACT

Thioredoxins (TRXs) consist of a family of oxi-redox proteins capable of (de)activating enzymes,
being an important post-translational mechanism for metabolic regulation. Plant TRXs are found
in different cell compartments, such as chloroplast, mitochondria, and cytosol. TRXs are activated
by specific TRX reductases (TRs), according to their subcellular location. For instance,
chloroplasts contain two TRs, named FTR (ferredoxin-dependent TR) and NTRC (NADPH-
dependent TR C), which receives reducing power from ferredoxin and NADPH, respectivelly. On
the other hand, plant cells contain two other NTRs (NTRA and NTRB) that are mainly located in
cytosol and mitochondria. NTRA/B are thus the main TRs responsible for reducing the non-
chloroplastic TRXs. Previous works showed that the single ntrc mutant and the double ntrab
mutant have reduced growth, but are still viable, i.e. they can complete the full life cycle and
produce viable seeds. However, plants lacking all NTRs remained to be investigated, raising the
question on whether the plant NTR system is essential for plant growth and development. In
paralell, previous works suggested that the mitocondrial NTR/TRX system can regulate the
interplay between carbon and nitrogen metabolisms, but how redox-mediated mechanisms regulate
these metabolisms remained to be deeply investigated. Aiming to address these questions, this
thesis was divided into three parts. We first reviewed how TRX-mediated mechanisms regulate the
primary metabolism, especially the (photo)respiratory metabolism. The second and third chapters
involve the characterization of Arabidopsis thaliana L mutants lacking different NTRs and TRXs.
The second chapter describes the unprecedented characterization of the triple ntrabc mutant, which
lacks all NTRs (NTR A, B and C), whilst the third involves experiments using mutants lacking
TRX h2, TRX 01 or NTRA/B aiming to investigate how the NTR/TRX system regulates glutamine
synthetase (GS) and the fluxes throughout the GS/IGOGAT (glutamate synthase) cycle. Our results
showed that the triple ntrabc mutant showed a leaf pale green phenotype with strong reduction in
growth and substantial metabolic changes. Despite this, the ntrabc remained viable and was able
to complete the full developmental cycle, including the production of viable seeds. These results
suggest that the NTR system is highly important for plant growth, but not essential for plant
development. Furthermore, our results indicate that the mitochondrial NTR/TRX system is key for
the regulation of the redox status of GS and the metabolic fluxes thorughout the GS/IGOGAT cycle,
which is important for plant high light stress acclimation. Thus, our works provide important and



unprecendented informations regarding the regulation of primary metabolism mediated by NTRs
and TRXs.

Keywords: thioredoxins; metabolic regulation; NADPH-dependent thioredoxin reductases;

primary metabolism; nitrogen metabolism; light stress.



RESUMO

As tioredoxinas (TRXs) constituem uma familia de proteinas oxi-redox capazes de (des)ativar
enzimas, sendo um importante mecanismo pos-traducional para a regulagdo do fluxo metabdlico.
As TRXs vegetais estdo espalhados em diferentes compartimentos celulares, como cloroplastos,
mitocondrias e citosol. As TRXs sdo ativadas por TRX redutases (TRs). Os cloroplastos possuem
dois TRs, a saber, FTR (TR dependente de ferredoxina) e NTRC (TR dependente de NADPH), que
recebe poder redutor da ferredoxina e/ou NADPH. Por outro lado, as células vegetais contém duas
outras NTRs fora do cloroplasto, ou seja, as isoformas NTRA e NTRB que estdo localizadas
principalmente no citosol e nas mitocondrias. As NTRA/B sdo, portanto, as principais TRs
responsaveis pela reducdo dos TRXs néo plastidiais. Trabalhos anteriores mostraram que 0 mutante
nocaute para ntrc e ntrab apresentam forte decréscimo no crescimento, mas ainda séo viaveis, ou
seja, podem completar o ciclo de vida completo e produzir sementes vidveis. No entanto, as plantas
que carecem de todos as NTRs ainda precisam serem investigadas, abrindo a questao sobre se o
sistema NTR de plantas é essencial para o crescimento e desenvolvimento destes organismos.
Paralelamente, trabalhos anteriores sugeriram que o sistema mitocondrial NTR/TRX pode regular
a interacdo entre os metabolismos de carbono e nitrogénio, mas como os mecanismos mediados
por redox regulam esses metabolismos ainda precisam ser profundamente investigados. Com o
objetivo de responder a essas questdes, esta tese foi dividida em trés partes. Primeiro revisamos
como 0s mecanismos mediados por TRX regulam o metabolismo priméario, especialmente o
metabolismo (foto)respiratério. O segundo e o terceiro capitulos envolvem a caracterizagdo de
mutantes da planta modelo Arabidopsis thaliana L. O segundo capitulo descreve a caracterizacao
inédita do mutante triplo ntrabc, que carece de todos 0s NTRs (NTR A, B e C), enquanto o terceiro
envolve experimentos usando mutantes sem TRX h2, TRX 0l ou NTRA/B com o objetivo de
investigar como o sistema NTR/TRX regula a glutamina sintetase (GS) e os fluxos ao longo do
ciclo GS/GOGAT (glutamato sintase). Nossos resultados mostraram gque o mutante triplo ntrabc
apresentou um fendtipo de folha verde pélida com forte reducdo no crescimento e alteragcoes
metabolicas substanciais. Apesar disso, o ntrabc manteve-se viavel e conseguiu completar todo o
ciclo de desenvolvimento, incluindo a producdo de sementes viaveis. Nossos resultados sugerem
gue o sistema NTR € altamente importante para o crescimento da planta, mas ndo essencial para o
desenvolvimento da planta. Além disso, nossos resultados indicam ainda que o sistema NTR/TRX

mitocondrial é a chave para a regulacéo do status redox de GS e os fluxos metabolicos ao longo do



ciclo GS/GOGAT, o que € importante para a aclimatagdo da planta ao estresse de alta luz. Assim,
nossos trabalhos fornecem informacdes importantes e inéditas sobre a regulacdo do metabolismo
primario mediado por NTRs e TRXs.

Palavras-chave: tiorredoxinas; regulacdo metabolica; NADPH- Tiorredoxina redutase;

metabolismo primario; metabolismo do nitrogénio; estresse de alta luz.
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1 GENERAL INTRODUCTION

Plants have a sessile lifestyle, which makes them susceptible from undesired changes in
the environment, raising great concerns on how plants will respond to the impacts generated by the
climate change scenario (Cernusak et al., 2019; Leakey et al., 2009). The comprehension of
intrinsic regulatory mechanisms that aid plants to respond to different environmental conditions
has never been so necessary, given the predictions of a future with increased CO> concentration,
accompanied by extreme temperature and drought periods (Ainsworth e Rogers, 2007). In this
context, plants have an unprecedented redox system orchestrated by oxi-redox reactions, which
allow them to measure the length of the light period and to rapidly respond to changes in
environmental cues (Geigenberger, Thorméhlen, Daloso, Danilo M., et al., 2017; Hotta, 2021).
Light absorption rapidly alters the redox state of the chloroplasts by increasing the level of redox-
active molecules such as NADPH, reduced ferredoxin (Fdx), and H.O2 (Meyer et al., 2021a). H,0>
is a powerful oxidant, acting as an important regulator of plant metabolism by modulating gene
expression and altering enzyme activity through the oxidation of Cys residues in redox-sensitive
proteins (Foyer e Noctor, 2005, 2013; Kolla, VVavasseur e Raghavendra, 2007). H2O: is counter-
balanced by thioredoxins (TRXs), ubiquitous proteins involved in redox regulation of plant
metabolism by modulating Cys thiol-disulfide exchange in targeted proteins (Fonseca-Pereira, da
etal., 2021).

TRXs receive reducing power derived from TRX reductases, which use either
photosynthetically reduced Fdx or NADPH as electron donors in the chloroplasts and out of the
plastids, respectively (Buchanan e Balmer, 2005; Busch e Hippler, 2011; Marty, Laurent et al.,
2009). Chloroplasts further contain the NADPH-dependent TRX reductase C (NTRC), which also
harbours a TRX domain in its structure, allowing NTRC to (in)directly reduce TRXs and TRX
targets (Cejudo, Gonzalez e Pérez-Ruiz, 2021; Serrato et al., 2004). Although NTRC and Fdx-
dependent TRX reductase (FTR) are activated by distinct pathways, they cooperatively regulate
chloroplastic metabolism (Yoshida e Hisabori, 2016a). On the other hand, NTRA and NTRB are
the main responsible to reduce the TRXs in non-plastidial cellular compartments, especially cytosol
and mitochondria (Daloso, Danilo M. et al., 2015; Marchal et al., 2014; Reichheld et al., 2007).
NTR proteins are thus highly important for plant growth. However, NTRC and the non-
chloroplastic NTRAB systems are safeguarded by FTRs and glutathione reductases (GR),
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respectively, which may act as compensatory systems and guarantee the viability of ntrc and ntrab
mutants (Reichheld et al., 2007; Yoshida e Hisabori, 2016a). Indeed, it has been shown that
glutathione (GSH) can reduce plant TRXs in vitro and that NTRA/NTRB and GR act in
cooperation (Marty, Bausewein, Miiller, Bangash, Moseler, Schwarzlander, Miiller-Schiissele, et
al., 2019; Marty, L. et al., 2009; Reichheld et al., 2007, 2005). This indicates that the plant
NTR/TRX system is highly connected to other redox players, including glutathione and ascorbate
metabolisms (Calderon et al., 2018a).

Since their discovery, the search for TRX targets has been the main aim of TRX studies,
given that the TRX-mediated enzyme regulation can presumably directly regulate the activity of
the enzyme and consequently the metabolic fluxes through the associated metabolic pathway
(Buchanan, 2014). In this context, in vitro TRX affinity chromatography assays were essential in
electing possible TRX targets (Balmer et al., 2004; Motohashi et al., 2001; Yoshida et al., 2014).
However, these assays are carried out in vitro and their results cannot be extrapolated to in vivo
conclusions, remaining open several questions on whether the TRX targets suffer redox regulation
in vivo and what is the impact of this mechanism for the regulation of plant metabolism.
Notwithstanding, an extensive effort has been recently made aiming to identify the role of TRXs
in the regulation of mitochondrial and cytosolic metabolisms (Daloso, Danilo M. et al., 2015;
Fonseca-Pereira et al., 2019; Geigenberger, Thorméhlen, Daloso, Danilo M, et al., 2017; Yoshida
et al., 2013, 2014).For instance, both TRX 01 and TRX h2 has been shown to be important in the
redox regulation of enzymes involved in (photo)respiration (Fonseca-Pereira, da et al., 2021;
Fonseca-Pereira et al., 2019; Reinholdt, Schwab, Zhang, Reichheld, J., et al., 2019).

It is already well-established that the TRX o (TRX ol and 02) family is located in
mitochondria, while the exact location of TRX h2 is still unclear. Previous studies suggested that
TRX h2 would be located at the mitochondria in Arabidopsis and Populus trichocarpa (Gelhaye
et al., 2004; Meng et al., 2010), and associated with the endoplasmic reticulum (ER)-Golgi
membrane system in Arabidopsis (Traverso et al., 2013). However, recent cell fractionation and
immunoblot analyses demonstrated that TRX h2 is found at the microsomal fraction (Hou et al.,
2021). This suggests that TRX h2 is found in the endomembrane system rather than mitochondria
or cytosol (Daloso, Danilo M et al., 2015; Fonseca-Pereira, da et al., 2021; Reinholdt, Bauwe, et
al., 2019). Despite likely found in different location, recent results highlight that they parallel
regulates plant metabolism through changes in NAD(P)(H) and other redox molecules, suggesting
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a convergent role of these proteins for plant metabolism regulation (Hou, Lehmann e Geigenberger,
2021). Among the pathways regulated by them, although early evidence suggests that the enzyme
glutamine synthetase (GS) is sensitive to DDT (Choi, Kim e Kwon, 1999), little attention has been
given to confirm this hypothesis and whether/how this and other enzymes of the nitrogen
metabolism are regulated by the NTR/TRX system.

Nitrogen is an essential element for plant growth and development (Liu, Hu e Chu, 2022;
Oliveira e Coruzzi, 1999). Thus, the comprehension of the regulatory mechanisms of this
metabolism can provide important information to inform plant breeding programs toward yield
and/or stress resistance improvement according to the climate change scenario (Sweetlove, Nielsen
e Fernie, 2017). Here, we aim to unveil the role of NTRs and TRXs in the regulation of the primary
metabolism. For this, we characterized the triple NTR mutant (ntrabc) and provided compelling
evidence indicating that GS is redox regulated by TRXs. The first chapter of this thesis is composed
of a review already published in Journal of Experimental Botany (Fonseca-Pereira, da et al., 2021).
In the second chapter, we characterized the triple ntrabc mutant, in collaboration with several
international institutions, but coordinated by our group. It is important to emphasize that the
experiments described here refer only to those performed by our group, and that several other have
been carried out in different laboratories. The manuscript of this work has been resubmitted to
Plant, Cell and Environment. Finally, the third chapter is currently being finalized to be submitted.
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2 HYPOTHESES

The NTR system is important, but not essential, for plant development, which are compensated
by other redox players. In addition, the hypothesis of the third chapter is; the mitochondrial NTR/TRX
system modulates the carbon flux from the TCA cycle to glutamate metabolism via redox regulation of

glutamine synthetase.
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3 OBJECTIVES

Main:

To investigate the role of the NTR/TRX system in the regulation of primary metabolism of

Arabidopsis thaliana.

I Specific;

- To characterize the triple mutant ntrabc;
- To determine the impact of the lack of all NTRs on the accumulation of primary
metabolites and redox molecules such as H>O,, glutathione and ascorbate;
- To investigate the impact of the lack of all NTRs on the activity of antioxidant
enzymes;
- To explore whether and how the enzymes glutamine synthetase (GS), glutamate
synthase (GOGAT), and glutamate dehydrogenase (GDH) can form disulphide bonds,
using different bioinformatics approaches;
- To examine the redox status of GS is altered in leaf samples from plants lacking TRX
h2, TRX ol or NTRA/B;
- To investigate how the NTR/TRX-mediated mechanisms of regulation of the nitrogen

metabolism influences plant high light stress acclimation.
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Abstract

Thioredoxins (TRXs) are ubiquitous proteins engaged in the redox regulation of plant metabolism. Whilst
the light-dependent TRX-mediated activation of Calvin-Benson cycle enzymes is well-documented, the role
of extraplastidial TRXs in the control of the mitochondrial (photo)respiratory metabolism has been revealed
relatively recently. Mitochondrially located TRX 01 has been identified as regulator of alternative oxidase,
enzymes of, or associated to, the tricarboxylic acid (TCA) cycle and the mitochondrial dihydrolipoamide
dehydrogenase (mtLPD) involved in photorespiration, the TCA cycle and the degradation of branched chain
amino acids. TRXs are seemingly a major point of metabolic regulation responsible to activate
photosynthesis and adjust mitochondrial photorespiratory metabolism according to the prevailing cellular
redox status. Furthermore, TRX-mediated (de)activation of TCA cycle enzymes contributes to explain the
non-cyclic flux mode of operation of this cycle in illuminated leaves. Here we provide an overview on the
decisive role of TRXs in the coordination of mitochondrial metabolism in the light and provide in silico
evidence for other redox-regulated photorespiratory enzymes. We further discuss the consequences of
mtLPD regulation beyond photorespiration and provide outstanding questions that should be addressed in
future studies to improve our understanding concerning the role of TRXs in the regulation of central

metabolism.

Key words: metabolic control; metabolic regulation, redox metabolism; TCA cycle; mitochondrial

thioredoxins, photorespiration.
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Introduction

Thioredoxins (TRXs) are ubiquitous, redox-active proteins related to the regulation of
plant metabolism by modulating Cys thiol-disulfide exchange in target proteins (Meyer et al.,
2009). Plant TRXs differ substantially in both amino acid sequence and subcellular location, being
characterized by an unusually complex array of proteins (Belin et al., 2015). In Arabidopsis, TRXs
m, f, X, y and z isoforms are located in the chloroplast, TRXs 01/2 are mitochondrial and nuclear,
whereas eight TRX h proteins are found in diverse compartments, including cytosol, nucleus,
endoplasmic reticulum (ER), and mitochondria (Buchanan, 2017a; Geigenberger, Thorméhlen,
Daloso, Danilo M., et al., 2017). In plastids, the TRXs are reduced by both the ferredoxin TRX
reductase (FTR) and the NADPH-dependent TRX reductase C (NTRC) systems, whilst the
extraplastidial TRX reductase system is composed by two highly similar NTR isoforms, namely
NTRA and NTRB, which are responsible for reducing TRXs h in different subcellular
compartments and 01/2 in mitochondria (Reichheld et al., 2005). TRXs play important roles in
coordinating the metabolic fluxes through both the Calvin-Benson (CB) and the tricarboxylic acid
(TCA) cycles (Buchanan et al., 2012; Daloso, Danilo M et al., 2015). However, whilst the
operation of plastidial TRXs is well documented (Michelet et al., 2013), considerably less is known
concerning the extraplastidial TRXs.

Recent evidence has, however, shed considerably more light on the role of TRXs in the
mitochondrial photorespiratory metabolism (Fonseca-Pereira, da et al., 2020; Reinholdt, Schwab,
Zhang, Reichheld, J., et al., 2019). These studies demonstrated that the mitochondrial
dihydrolipoamide dehydrogenase (mtLPD) is redox regulated by both TRX 01 [9] and TRX h2 in
vitro [10]. This is of particular interest, given that mtLPD is part of four multienzyme systems in
mitochondria, namely as L-protein of photorespiratory glycine decarboxylase complex (GDC) and
as an E3 subunit of the enzyme complexes branched-chain 2-oxoacid dehydrogenase (BCKDC),
pyruvate dehydrogenase (PDH) and 2-oxoglutarate dehydrogenase (OGDH), respectively. In
conjunction with the role of the mitochondrial TRX system in the control of alternative oxidase
(AOX) (Florez-Sarasa, Obata, Del-Saz, Néstor Fernandez, et al., 2019; Gelhaye et al., 2004;
Umekawa e Ito, 2019) and TCA cycle enzymes (Daloso, Danilo M et al., 2015; Schmidtmann et
al., 2014; Yoshida e Hisabori, 2014), it is thus suggested that, apart from their well-known role in
plastids, the importance of TRXs regulation of plant metabolism is extended to the regulation of

other major pathways of central carbon metabolism. In the next sections, we discuss the
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consequences of the recent established role of TRXs in the control of photorespiratory metabolism
for the overall regulation of plant cells. We will further discuss the presence of conserved Cys
residues found in cyanobacteria and different plant species and the predicted formation of disulfide

bond in several (photo)respiratory enzymes from Arabidopsis.

Behind the extraordinary complexity of plant redox metabolism

The cellular redox status is central for determining metabolic and developmental activities
in biological systems (Foyer e Noctor, 2009; Geigenberger e Fernie, 2014). Overall, it results from
the full inventory of redox reactions, distributed over all subcellular compartments and occurring
in distinct metabolic pathways (Mock e Dietz, 2016). Amongst the redox network components,
TRXs and glutaredoxins (GRXs) regulate several redox posttranslational modifications (PTMs),
including disulfide bonds and de-glutathionylation (Gerna et al., 2017; Zaffagnini et al., 2019).
These redoxins can modify the activity of target enzymes and thus adjust metabolic fluxes,
especially in response to light/dark transitions (Mock e Dietz, 2016; Reinholdt, Bauwe, et al.,
2019). Beyond that, they are responsible for furnishing reducing power to peroxiredoxins (PRXSs)
and methionine sulfoxide reductases (MSRs) (Knuesting e Scheibe, 2018; Meyer et al., 2012).
Whilst NADPH is the main source of electron used by NTRs to reduce extraplastidial TRXs, GRXs
use reduced glutathione (GSH) as an electron donor (Rouhier, Gelhaye e Jacquot, 2004). The
oxidized glutathione (GSSG) formed after GRX reduction is itself reduced by the NADPH-
dependent flavoprotein glutathione reductase (GR) (Reichheld et al., 2007; Rouhier, Gelhaye e
Jacquot, 2004). The complexity of the plant redox network is evidenced by the functional
redundancy amongst the different thiol systems (Souza et al., 2019a) and the wide spectrum of
midpoint redox potential (Em) of plant TRXs (Yoshida et al., 2018). In chloroplasts, despite the
substantial difference in Em, FTRs and NTRC functionally overlap, their cooperative actions being
critical for autotrophic growth (Cejudo, Maria-Cruz Gonzéalez e Pérez-Ruiz, 2020; Nikkanen,
Toivola e Rintamaki, 2016; Thormahlen et al., 2015a; Yoshida e Hisabori, 2016a). Similarly, plant
mitochondria have a well-orchestrated compensatory redox system (Geigenberger, Thorméahlen,
Daloso, Danilo M., et al., 2017). For instance, it seems likely that GR1 and GR2 proteins
compensate for the absence of NTR proteins in the cytosol (Marty, L. et al., 2009) and
mitochondria (Marty, Bausewein, Muller, Bangash, Moseler, Schwarzlander, Mdller-Schiissele, et
al., 2019), respectively. Notably, whilst the mitochondrial TRX/NTR system is seemingly essential
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for animal cells (Conrad, Jakupoglu, Cemile, et al., 2004; Holzerova et al., 2016), plants lacking
any of the mitochondrial redox components isolated are viable and fertile (Reichheld et al., 2007).
Furthermore, plant TRXs have high affinity to GPXs (Herbette et al., 2002; Igbal et al., 2006; Jung
et al., 2002) and the NADPH/NTR/TRX system can reduce GSSG in vitro (Marty, Bausewein,
Mdiller, Bangash, Moseler, Schwarzlander, Miller-Schussele, et al., 2019; Marty, L. et al., 2009),
although 200-fold higher activity is observed for GR1, revealing a low efficiency of the TRX-based
reduction of GSSG (Marty, L. et al., 2009). Moreover, the cytosolic TRX h3 protein is alternatively
reduced by the NADPH/GR/GSH/GRX pathway in plants (Reichheld et al., 2007). Beyond that,
glutathione peroxidases (GPX), sulfiredoxin and PRXIIF are other important elements of the plant
mitochondrial redox network (see Table S1 for a list of mitochondrial redox proteins) (Max et al.,
2020). Collectively, these findings emphasize the redundancy and complementarity inherent to the
plant cellular thiol-redox organization. The complexity of the plant redox system is probably
important to finely adjust plant metabolism according to the prevailing environmental condition,
especially the mitochondrial metabolism, which is regulated by different PTMs, including the
NTR/TRX system, in a light-dependent manner (Nunes-Nesi et al., 2013; Sweetlove et al., 2010;
Tcherkez et al., 2012). Indeed, it has been shown that the mitochondrial NTR/TRX system is
important for the light-induction of photosynthesis and to cope with drought stress cycles (Fonseca-
Pereira, Da et al., 2019).

Redox regulation of TCA cycle enzymes

The regulation of the TCA cycle in plants is mainly mediated by allosteric regulation and
PTM of specific enzymes of the cycle (Max et al., 2020; Nunes-Nesi et al., 2013). Affinity
chromatography studies have suggested several TCA cycle enzymes to be redox regulated (Balmer
et al., 2004; Yoshida et al., 2013). Indeed, knockdown of the most abundant mitochondrial TRX
(TRX 0l) (Fuchs et al., 2020a) increased the metabolic fluxes toward the TCA cycle (Daloso,
Danilo M et al., 2015; Florez-Sarasa, Obata, Del-Saz, Nig%stor FerniiY2ndez, et al., 2019).
However, few putative mitochondrial TRX targets have been confirmed by site-directed
mutagenesis of conserved Cys residues and/or using recombinant TRXs. It is currently known that
citrate synthase 4 (CS4, AT2G44350) and a regulatory subunit of NAD*-dependent isocitrate
dehydrogenase (IDH-r, AT4G35260) are activated by TRX, whereas SDH and mitochondrial FUM
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(FUML1, AT2G47510) have been shown to be deactivated by the TRX system (Fig. 1) (Daloso,
Danilo M et al., 2015; Schmidtmann et al., 2014; Yoshida e Hisabori, 2014). Interestingly,
aconitase (ACO) has been shown to be redox sensitive (Obata et al., 2011), but its activity increased
in trxol mitochondrial extracts, with no effect of TRX 0l recombinant addition in WT
mitochondrial extracts. Similarly, the activity of both succinyl CoA Ligase (SCoAL) and OGDH
is not altered by adding recombinant TRX o1 to the assay. However, the knockdown of TRX ol
substantially alters the activities of these enzymes, leading to changes in both metabolic fluxes and
the accumulation of TCA cycle metabolites (Daloso, Danilo M et al., 2015).

Redox regulation of cytosolic malate dehydrogenase (cytMDH1, AT1G04410) protected
it against oxidative stress by TRX dependent homodimerization of Cys330 that avoid irreversible
overoxidation of the enzyme (Huang et al., 2018). However, whereas both plastidial (pIMDH,
AT3G47520) and cytMDH1 have been demonstrated to be activated by TRXs (Ashton e Hatch,
1983; Huang et al., 2018; Thormahlen et al., 2015a, 2017), the mitochondrial (mtMDH,
AT1G53240) and a plastidial NAD*-dependent MDH are not redox-regulated (Berkemeyer,
Scheibe e Ocheretina, 1998; Daloso, Danilo M et al., 2015; Huang et al., 2018; Yoshida e Hisabori,
2016b) (Fig. 1). MDH (NADP*-dependent in chloroplasts and NAD*-dependent all over the
compartments) catalyses the reversible reaction between oxaloacetate (OAA) and malate using
NAD(P)(H), and they are all involved in the malate valve that regulates both NAD(P)H
homeostasis and the circulation of malate throughout the plant cycle (Selinski e Scheibe, 2019).
Plant MDHs are thus important to regulate both NAD(P)(H) homeostasis and the circulation of
malate throughout the plant cell (Hashida et al., 2018; Zhao et al., 2020). It has been demonstrated
that the structure of the NADP*-dependent pIMDH facilitates its redox regulation by TRXs (Carr
et al., 1999). Conversely, there is no evidence that both mitochondrial MDHs (mtMDH1 and
mtMDH2) are redox regulated. However, mtMDH activity has been shown to be modulated by
light (Igamberdiev et al., 2014; Tepperman et al., 2004) and negatively regulated by adenine
nucleotides, with ATP exerting the largest inhibitory effect (Yoshida e Hisabori, 2016b).
Considering that, future studies are required to fully understand how active state of mtMDH
respond to mitochondrial fluctuations in the adenine nucleotides pool, owing to photorespiration-
dependent ATP production in illuminated leaves (Igamberdiev et al., 2001) to allow rapidly re-

oxidation of photorespiratory NADH.
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Although the reasons behind the lack of redox regulation for mtMDHs are rather
unclear, mtMDH activity was demonstrated to be important as a “buffer” capable of removing the
excess of NADH that is known to allosterically inhibit mtPDH (Igamberdiev e Gardestrom, 2014),
several TCA cycle enzymes, and photorespiratory GDC (Bykova et al., 2014; Lindén et al., 2016;
Nunes-Nesi et al., 2013). In agreement with this hypothesis, double mutants for mtMDH displayed
enhancement levels of glycine and, to a lesser extent, serine, clearly demonstrating the association
of mtMDH with photorespiration, most likely as result of restriction on GDC mediated glycine
oxidation (Tomaz et al., 2010). Another possibility is that the reaction catalysed by mtMDH would
sustain the synthesis of malate, which can be used for fumarate synthesis in either the mitochondria
or the cytosol (Aradjo, Nunes-Nesi e Fernie, 2011; Igamberdiev e Eprintsev, 2016; Zubimendi et
al., 2018), thus favouring the transport of fumarate to the vacuoles or to the apoplast, where it
exerts considerable influence on the regulation of stomatal movements (Fig. 1) (Araujo et al., 2011;
Medeiros et al., 2016, 2017; Nunes-Nesi et al., 2007). Furthermore, fumarate can act as a backup
pool for malate, establishing the equilibrium between NADH and NADP* which appears to
stimulate mitochondrial enzyme complexes such as GDC (Bykova et al., 2014) and PDH
(Ilgamberdiev e Gardestrom, 2014). It seems therefore that the maintenance of the concentration of
TCA cycle intermediates in the light at levels enough for the activation of mitochondrial and
cytosolic enzymes is controlled by complex and interconnected mechanisms. Additionally,
mtMDHs are known to be part of a metabolite channel (metabolon) formed from FUM1 to IDH6,
in which fumarate is channelled (Zhang et al., 2017). Metabolite channels may improve the
catalytic efficiency of the enzymes favouring metabolic flux toward the end of the channel (Graham
et al., 2007). Thus, the formation of this TCA cycle metabolon would improve the fluxes from
fumarate to isocitrate and subsequently to 2-oxoglutarate to sustain the synthesis of amino acids
such as proline, glutamate and glutamine in the light. This is particularly important given that the
flux of the carbon derived from glycolysis and PDH activity toward glutamate synthesis is
restricted in the light (Abadie et al., 2017a). However, it remains unclear whether the redox
regulation of FUM, CS and IDH would favour the formation of this metabolon or not. Further
studies combining different approaches to investigate the formation and function of metabolite
channels in vivo are, therefore, required to better understand the function of these channels for the

overall regulation of the plant TCA cycle (Obata, 2020).
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The recent established TCA cycle metabolon opens several possibilities for the regulation
of metabolic fluxes throughout the TCA cycle (Sweetlove e Fernie, 2018; Zhang et al., 2017, 2018).
Given the high number of non-cyclic flux modes that has been observed in the leaf TCA cycle
(Sweetlove et al., 2010), it is reasonable to hypothesize that several PTMs would act in concert to
regulate the fluxes through this pathway, depending on the prevailing environmental conditions. In
this vein, it seems that TRXs contribute to maintain a non-cyclic flux mode of the TCA cycle by
activating the C6-branch (from citrate to glutamate) and deactivating the C4-branch (from malate
to succinate) of the TCA cycle in the light (Fig. 1). Beyond the evidence from the identification of
TRX targets in vitro, this idea is further supported by genome scale metabolic modelling and in
vivo B¥C-nuclear magnetic resonance-based metabolic flux analysis, in which the source of carbon
for glutamate synthesis does not come from photosynthesis but rather from phosphoenolpyruvate
carboxylase-mediated CO> assimilation and from previously built up organic acid pools (Abadie
et al., 2017a; Abadie e Tcherkez, 2019; Maurice Cheung et al., 2014) (Fig. 1). It remains unclear
however if, and if so how, redox regulation combined with other PTMs (e.g., acetylation and
(de)phosphorylation) integrate with the protein-protein interaction to regulate the activity of TCA
cycle enzymes and thus the flux through this pathway in vivo under dark and light conditions
(Nietzel et al., 2017).

TRX-mediated regulation contributes to explain the inhibition of the metabolic fluxes toward

the TCA cycle in illuminated leaves

Several enzymes of, or associated to, the TCA cycle are downregulated at transcriptional
and/or posttranslational level in the light (Nunes-Nesi et al., 2013), helping to explain why the
TCA cycle does not operate in a circular fashion during the day. Overall, the restricted flux through
the TCA cycle in illuminated leaves is explained by: firstly, the downregulation of mitochondrial
PDH (mtPDH) complex in the light (discussed in details below); secondly, the feedback inhibition
of TCA cycle dehydrogenases by NADH, NADPH and other effectors; thirdly, the export of 2-
oxoglutarate for nitrogen assimilation in glutamate and fourthly, the operation of the citrate valve
responsible for the distribution of NADPH to the cytosol and for directing carbon skeletons from
stored citrate to amino acid biosynthesis and other metabolic purposes (Gauthier, Paul P.G. et al.,
2010; Igamberdiev, 2020; Igamberdiev e Gardestrém, 2003; Tcherkez et al., 2012). The inhibition



25

of NAD"-dependent isocitrate dehydrogenase (IDH) by NADPH concurrent with the reversion of
the reaction catalyzed by NADP*-dependent IDH (Igamberdiev e Gardestrom, 2003) are additional
factors contributing to the significantly reduction of TCA flux in the light. Moreover, it is worth
mentioning that, in addition to the regulation at the level of enzyme activity by TRX ol (Daloso,
Danilo M et al., 2015), both succinate dehydrogenase (SDH) and fumarase (FUM) are also
regulated by modulation of gene expression mediated by phytochrome and cryptochrome
(Eprintsev et al., 2016, 2018; Eprintsev, Fedorin e Igamberdiev, 2013; Popov et al., 2010).
According to the classical view, the start of the TCA cycle is the entrance of pyruvate
within the mitochondrion, where it is decarboxylated by the mtPDH, yielding acetyl-CoA, thus
connecting glycolysis to the TCA cycle (Fig. 1). However, mtPDH, a multi-complex protein
composed by three subunits (E1, E2 and E3), is known to be light inhibited by phosphorylation of
Ser residues on the E1 subunit by the action of a PDH kinase, whose activity is stimulated by
conditions favoured by photorespiration, such as higher levels of ammonium ions (NH4") and ATP
(Tovar-Méndez, Miernyk e Randall, 2003). Also, photorespiratory metabolism increases
mitochondrial NADH/NAD" ratio (Igamberdiev e Gardestrom, 2003), further contributing to the
light inhibition of PDH and of the other matrix dehydrogenases. Conversely, pyruvate allosterically
inhibits the PDH kinase, thus stimulating PDH activity. The E3 subunit, a mtLPD, has recently
been shown to be deactivated in vitro by both TRX 01 and TRX h2 (Fonseca-Pereira, da et al.,
2020; Reinholdt, Schwab, Zhang, Reichheld, J., et al., 2019), in assays carried out in isolated
mitochondria or using recombinant proteins. Therefore, TRX-mediated regulation of mtLPD
appears as a second point which controls the entrance of carbon skeletons into the TCA cycle

through redox regulation of the mtPDH (Fig. 1).

Out of the obvious - Redox regulation of alternative oxidase (AOX)

AOX works as an alternative pathway in the oxidative phosphorylation system, playing a
crucial role in dissipating excess of energy, particularly under stress conditions (Selinski et al.,
2018). This mechanism is likely to avoid mitochondrial over-reduction due to enhanced formation
of reactive oxygen and nitrogen species (ROS and RNS) (Del-Saz et al., 2018). Arabidopsis
possesses five genes encoding AOX proteins (AOX1A-AOX1D and AOX2) (Open et al., 2017).
All of them are found in a dimeric state that can be redox regulated through a disulfide/sulfhydryl-
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system (Rhoads et al., 1998; Siedow, 1993), although, at least in the case of AOX1A, 1C and 1D,
a differential activation in vivo is observed, depending on the nature of the added effector and the
amino acid composition around the conserved Cys residues of each isoform (Open et al., 2017).
Once its disulfide bond is reduced, the AOX activity can be stimulated through the formation of a
thiohemiacetal with a-ketoacids, most notably pyruvate (Selinski et al., 2017; Siedow e Umbach,
2000; Umbach, Joseph T. Wiskich e Siedow, 1994). Overall, AOX1A is the most abundant
isoform, being highly expressed throughout all tissues and developmental stages in plants. Given
that the expression of AOX members is regulated at both transcriptional and protein levels and is
highly variable according to the tissue, developmental stage and stress conditions (Open et al.,
2017; Selinski et al., 2018), it is rather difficult to individually ascertain the in vivo function of
each isoform. Redox regulation of AOX has been postulated by TRX-affinity chromatography
studies using isolated mitochondria (Balmer et al., 2004; Yoshida et al., 2013) and further
confirmed by both in vitro and in vivo studies (Florez-Sarasa, Obata, Del-Saz, Néstor Fernandez,
et al., 2019; Gelhaye et al., 2004; Umekawa e Ito, 2019). The mitochondrial TRX system allows
the reversible cleavage of disulfide bonds among AOX monomers in vitro. However, it was
demonstrated only recently that the functional lack of TRX ol unexpectedly increases AOX
activity in vivo under both moderate and high light conditions without changing its redox state
(Florez-Sarasa, Obata, Del-Saz, Nestor Ferndndez, et al., 2019). Furthermore, trxol mutants were
characterized by higher carbon fluxes toward the TCA cycle and photorespiration, especially under
high light (Daloso, Danilo M et al., 2015; Florez-Sarasa, Obata, Del-Saz, Néstor Fernandez, et al.,
2019), as similarly observed in trxh2 mutant (Fonseca-Pereira, da et al., 2020; Reinholdt, Schwab,
Zhang, Reichheld, J., et al., 2019).

The fact that TRX 01 is apparently not essential for AOX reduction in vivo (Florez-Sarasa,
Obata, Del-Saz, Néstor Fernandez, et al., 2019) raises an important question: Could TRX 02
compensate the lack of TRX ol in the regulation of AOX, GDC and TCA cycle enzymes ? To
answer this question, one must consider the composition of the plant mitochondrial TRX system.
TRX 01 is seemingly by far the most abundant isoform of TRX in the mitochondrial matrix of
Arabidopsis (Florez-Sarasa, Obata, Del-Saz, NigYsstor FerniiY2ndez, et al., 2019; Fuchs et al.,
2020a; Yoshida e Hisabori, 2016b). For instance, heterotrophically grown Arabidopsis cells
indicated extremely low abundance of TRX 02 (20 copies) compared to Trx ol (837 copies),
whereas TRX h2 was not detected (Fuchs et al., 2020a). Albeit both TRX h2 of poplar (Gelhaye et



27

al., 2004) and castor seed (Marcus et al., 1991) were shown to be targeted to mitochondria, and
heterologous expression of AtTRX h2-GFP resulted in mitochondrial targeting in onion cells
(Meng, Ling et al., 2010), AtTRX h2 has not yet been found in mitochondrial proteomes. Further
studies using stable Arabidopsis lines expressing TRX h2 fused with redox-sensitive green
fluorescent protein 2 (roGFP2) (Attacha et al., 2017) should be carried out in order to clearly
confirm TRX h2 location in plants cells. Given that the redox state of AOX was unaltered in trxol
mutant and that the reduced state represented around 90% of the protein redox status (Florez-
Sarasa, Obata, Del-Saz, Néstor Fernandez, et al., 2019), it is likely the existence of a compensatory
system in mitochondria. However, whether TRX 02 or other not yet identified mechanism could
compensate, at least partially, the lack of TRX o0l remain to be determined.

Regardless of the occurrence or not of functional compensatory roles between TRXs, the
aforementioned observations suggest another important questioning that is: Does TRX o0l have a
role in the redox regulation of AOX activity in vivo? TRXs catalyse both reduction and oxidation
of enzyme thiols. Accordingly, TRX ol also promotes oxidation of AOX (Florez-Sarasa et al.,
2019). In this connection, one possibility is that the lack of TRX ol would stabilize the reduced
form of AOX by promoting its oxidation, which would demand the oxidation of the entire TRX
system (Max et al., 2020). This is a situation that can be observed during the mitochondrial isolation
procedure (Max et al., 2020) or possibly in the maturation drying period of orthodox seeds (Bailly,
2019; Gerna et al., 2017). In these cases, the oxidation of existing thiols is favoured either by (i)
the conditions of the isolation process or (ii) by the lower metabolic activity of dry seeds, in which
internal tissues are exposed to oxidative environment conditions (Bailly, 2019; Gerna et al., 2017).

The accumulated knowledge concerning AOX redox regulation suggests that the results
observed in vitro are not strictly translated into in vivo physiological modifications. This idea is
further supported by the fact that mitochondrial CS4 is activated by TRX in vitro (Schmidtmann et
al., 2014) but the total CS activity increased in both leaf and mitochondrial extracts of the trxol
mutant (Daloso, Danilo M et al., 2015).The lack of correlation among in vitro and in vivo
observations could be explained by the intrinsic complexity of the TRX system and/or of the cell
environment, in which other PTMs and redundant/compensatory systems orchestrally act to
regulate the activity of the enzymes. Furthermore, it is important to highlight that whilst TRXs
evolved with particular dependency on their TRX reductase systems, a certain degree of
promiscuity of TRXs in reducing target proteins is observed (Napolitano et al., 2019). Given the
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higher number of TRX isoforms found in each plant subcellular compartment, a higher degree of
promiscuity (in vitro) and redundancy (in vivo) is expected to be observed in plants. Indeed,
Arabidopsis cytMDH1 is activated by TRXs h1-5 in vitro (Huang et al., 2018), suggesting either a
redundant role of TRX h isoforms in vivo or a certain degree of promiscuity of these isoforms to
reduce cytMDHL1 in vitro. Considering the complexity of the mitochondrial redox system and the
high number of putative TRX targets raised by different proteomic approaches, it is necessary to
investigate whether the accumulated in vitro knowledge is translated to in vivo physiological
responses. For this purpose, different genetic, biochemical and metabolomics approaches coupled
to the characterization of mutants lacking different combinations of the mitochondrial redox

proteins will be required.

TRX-mediated regulation of glycine decarboxylase (GDC)

In oxygenic phototrophs, GDC is the flux controlling enzyme of photorespiration and
essential for the physiological interaction between photosynthesis and photorespiration (Timm et
al., 2012, 2015). Remarkably, GDC activity affects CO concentration gradients within leaves and
has further implications as an important link between photorespiration and other pathways such as
C1 metabolism (Engel et al., 2007), nitrate and ammonia assimilation and abiotic stress responses
(Timm e Hagemann, [s.d.]). Furthermore, the remarkably high amounts of NADH produced under
illumination, chiefly through photorespiratory flux over L-protein of GDC (Fig. 2), has important
impacts on photosynthetic metabolism. For instance, a part of this NADH is exported to the cytosol
via the malate valve, boosting hydroxypyruvate reduction in the peroxisome, further contributing
to the maintenance of NADH levels in different compartments (Igamberdiev et al., 2001,
Igamberdiev e Gardestrom, 2003).

In higher plants, GDC is located in mitochondria and is, in conjunction with serine
hydroxymethyltransferase 1 (SHMTL1), responsible for the decarboxylation of two glycine
molecules yielding one molecule of each, serine, CO2, NADH and ammonia, respectively (Oliver,
1994). It contains four subunits, namely P-, T-, H-, and L- protein (mtLPD) (Fig. 2), which are
encoded by a total of eight genes in Arabidopsis: three encode for H protein, one for T protein and
two genes each for the P protein and mtLPD (L-protein) (Bauwe e Kolukisaoglu, 2003; Engel et
al., 2007). It has been proposed that mtLPD1 gene expression is highly induced in response to light.
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Furthermore, mtLDP1 is preferentially associated with GDC, while the second isoform, mtLPD2,
Is associated with PDH, OGDH and BCKDC (Lutziger e Oliver, 2001; Mooney, Miernyk e
Randall, 2002). The role of GDC in the control of the flux through photorespiratory cycle and its
importance for photosynthesis and plant growth has been revealed in terms of transcriptional
regulation and by metabolomics and physiological analyses (Timm et al., 2016). Additionally, it
has been shown that the complete lack of GDC leads to lethality due to its role in C1 carbon
metabolism (Engel et al., 2007; Timm et al., 2018). By contrast, enhanced GDC activity by
overexpression of either GDC-H (Ldpez-Calcagno et al., 2018) or mtLPD (Timm et al., 2015)
facilitates glycine-to-serine conversion through photorespiration and improves photosynthesis and
growth in Csz plants. These observations provide further evidence that GDC is a central step
integrating photosynthetic and photorespiratory metabolism. Furthermore, GDC and SHMT1 have
been demonstrated to be allosterically regulated by glycine and serine, as well as by the ratio of
NADH/NAD* (Bourguignon, Neuburger e Douce, 1988) (Fig. 3). GDC is strongly regulated at the
transcriptional level by light (Rasmusson e Escobar, 2007) and, at the posttranslational level, by
glutathionylation, S-nitrosylation and some putative peptides sites of P- and H-protein are passive
of phosphorylation (Hodges et al., 2013; Max et al., 2020; Oa et al., 2010) (Fig. 3).

Despite the fact that GDC, and other photorespiratory enzymes, have been suggested as
possible redox regulated enzymes (Balmer et al., 2004; Keech et al., 2017; Yoshida, Hara e
Hisabori, 2015), experimental evidence supporting this idea was, until recently, still missing. Initial
evidence from an affinity chromatography study suggested that SHMT and all GDC subunits are
targets of mitochondrial TRX (Balmer et al., 2004). Furthermore, reducing reagents such as DTT
altered the redox state in vitro of GDC-P from Synechocystis and its crystal structure provided
evidence for a redox regulation mechanism (Hasse et al., 2013), most likely mediated by
mitochondrial TRXs. In agreement with the high similarity between the protein sequences of
mtLPD1 and mtLPD2 and the presence of Cys residues in both, in silico predictions of disulfide
bond formation and protein structure modelling suggest that the two mtLPD isoforms of
Arabidopsis can form disulfide bonds (Table S2 and Fig. S1). Taking this into account, two recent
works have further confirmed that indeed mitochondrial TRXs 01 and h2 are able to redox regulate
mtLPD (Fonseca-Pereira, da et al., 2020; Reinholdt, Schwab, Zhang, Reichheld, J., et al., 2019).
By a combination of biochemical in vitro enzymatic activity and metabolomics approaches, it was

demonstrated that mtLPD activity is decreased with the presence of DTT or by the addition of
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NTRA plus TRXs 01 or h2 in the assay, indicating that these TRXs can regulate this GDC subunit
in vitro. Additionally, gas exchange parameters in mutants of TRX h2 (Fonseca-Pereira, da et al.,
2020) and TRX ol (Reinholdt, Schwab, Zhang, Reichheld, J., et al., 2019) indicate an increase in
the stoichiometry of the photorespiratory CO; release in these two mutants, as also previously
found for intermediate photorespiratory mutants (Cousins et al., 2011; Timm et al., 2011). Beyond
the expected effect that this regulation would have on photorespiration, it is worth to mention that
the double mutant lacking TRX 01 and up to 95% GDC-T protein has severe growth impairment
compared to wild type (WT), whilst gldtl, a T-DNA insertion knockdown mutant, shows mild
reduction in growth (Reinholdt, Schwab, Zhang, Reichheld, J., et al., 2019), and the single trxol
has unaltered growth in normal air conditions (Reinholdt, Schwab, Zhang, Reichheld, J., et al.,
2019). This phenotype is most likely associated with glycine accumulation caused by impaired
GDC functioning, given that glycine could become toxic by its capacity to chelate Mg?*, which
could potentially affect CB cycle activity, as suggested for Synechocystis (Eisenhut, Bauwe e
Hagemann, 2007; Timm et al., 2016). Similarly, Arabidopsis plants lacking the ER located
ATP/ADP transporter 1 (ER-ANT1) show an unexpected photorespiratory phenotype, exhibiting
26-fold higher glycine content in leaves in a light-dependent manner (Hoffmann et al., 2013) and
a dwarf phenotype with a substantially decreased content of lipid and protein in seeds (Leroch et
al., 2008). The remarkable elevation in glycine levels is attributable to the inhibition of GDC
activity caused by oxidative posttranslational protein modification induced by elevated ROS (H20-
and superoxide) in the er-antl mutants (Hoffmann et al., 2013). These observations unveil a
surprising and puzzling physiological connection between ER and mitochondrial photorespiration.
The resultant ROS accumulating in er-antl mutants are most likely a result of the disturbed
mitochondrial metabolism, caused by ER stress (Hoffmann et al., 2013). Therefore, the
photorespiratory phenotype of er-antl brings to light a further complexity of photorespiration and
an unexpected and distinct communication between ER and mitochondria. Although the exact
mechanism of ER/mitochondria communication in plants remains to be determined, it is possible
that thiol switch-based sensing of H2O2 produced by the ER could serve as a potential mode to
signal ER dysfunction to GDC in mitochondria, giving thus support to the concept of colocalization
of ROS signal and ROS sensing (Huang et al., 2016). Taking into account the wide distribution of
TRXs in plants, and the suggestive role of TRXs in the intercellular communication in plants
(Benitez-Alfonso et al., 2009; Meng, Ling et al., 2010), it seems possible that this interorganellar
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communication between ER and mitochondria would require TRXs. However, which TRX
modulates this interplay remain to be unveiled.

Consequences of the redox regulation of GDC beyond photorespiration

Posttranslational regulation is a fine and effective mechanism that fully depends on the
cell microenvironment (Friso e Wijk, van, 2015). It also offers an important mechanism for rapid
adjustment of plant metabolism according to the prevailing environmental conditions (Aradjo et
al., 2012; Basler et al., 2016; Plaxton e Podesta, 2006). Thus, given the role of the GDC as a central
step for the control of photosynthesis and photorespiration, the recent discovery that GDC is redox
regulated, together with the previously identified mitochondrial TRX-targets, several implications
for the overall control of plant mitochondrial metabolism are evident. For instance, given that, in
addition to GDC and BCKDC, mtLPD is also shared with the mtPDH complex, which is
responsible for the carbon input to the TCA cycle, and OGDH, which exhibits a high flux control
coefficient among the TCA cycle enzymes (Araujo et al., 2012; Igamberdiev e Gardestrom, 2014),
it seems likely that the redox regulation of mtLPD represents a major control point in mitochondrial
metabolism. Indeed, PDH redox-regulation was shown in Escherichia coli where mutation in
mtLPD altered the NADH sensitivity of PDH complex (Kim, Ingram e Shanmugam, 2008).
Moreover, Arabidopsis mtLPD overexpression lines have altered fluxes throughout TCA cycle
enzymes and presented altered rates of photosynthesis, photorespiration and respiration (Timm et
al., 2015). Furthermore, plants lacking TRX ol have clearly increased carbon fluxes through the
TCA cycle (Daloso, Danilo M et al., 2015; Florez-Sarasa, Obata, Del-Saz, Néstor Fernandez, et
al., 2019; Reinholdt, Schwab, Zhang, Reichheld, J., et al., 2019). Thus, the TRX-mediated redox
regulation of mtLPD coupled with the deactivation of PDH by phosphorylation (Budde e Randall,
1990; Tcherkez et al., 2005; Tovar-Méndez, Miernyk e Randall, 2003) and the deactivation of SDH
and FUM by TRX ol (Daloso, Danilo M et al., 2015) contribute to explain the light-inhibition of
respiration (Fig. 2) (Abadie et al., 2017a; Gauthier, Paul P G et al., 2010; Tcherkez et al., 2005).
However, it is interesting to note that whilst both TRXs o0l and h2 deactivate SDH and mtLPD in
vitro (Daloso, Danilo M et al., 2015; Fonseca-Pereira, da et al., 2020; Reinholdt, Schwab, Zhang,
Reichheld, J., et al., 2019), suggesting a redundant role among these TRXs, FUM is respectively
activated and deactivated by TRX h2 and TRX ol in vitro (Daloso, Danilo M et al., 2015).
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Therefore, it remains unclear whether TRXs ol and h2 have redundant, compensatory and/or
antagonist roles in the coordination of the fluxes through the leaf TCA cycle. Although part of the
flux through mitochondrial respiration is inhibited in the light with the aid of mitochondrial TRX
system, cytosolic isoforms such as cytMDH1 and FUM2 can be activated to support organic acid
biosynthesis during the day (Eprintsev et al., 2020). In accordance, phytochrome affects the gene
expression of the mitochondrial (ACO1) and cytosolic (ACO2) forms of aconitase in opposite ways
in maize leaves (Eprintsev et al., 2020). While ACO1 expression is inhibited in the light, the
expression of ACO2, which is important for the remobilisation of citrate exported from
mitochondria to the synthesis of amino acids, is stimulated via the phytochrome system (Eprintsev
et al., 2020). Furthermore, the cytosolic citrate-metabolizing enzyme ATP-citrate lyase (ACL) was
shown to be activated by TRX ol and TRX h2 in vitro in Arabidopsis (Daloso, Danilo M et al.,
2015) (Fig. 1). Given that, in contrast to TRX 01, which is apparently the dominant mitochondrial
TRX and is specific of mitochondria (and also nucleus), TRX h2 is found in the cytosol, it seems
reasonable to suggest that TRX h2 and TRX o1 play different roles in activating cytosolic (in case
of TRX h2) and deactivating mitochondrial FUM (in case of TRX 01) isoforms, in the light (Fig.
1). Given that Arabidopsis has an overaccumulation of fumarate in the light period and this is
abolished in fum2 mutant (Pracharoenwattana et al., 2010), it is likely that cytosolic and
mitochondrial MDHs as well as FUM2 are activated under this condition (Fig. 1). However, this
hypothesis has yet to be better experimentally tested. Furthermore, it remains to be experimentally
assessed whether and under which environmental conditions the redox regulation of mtLPD also
affects the activity of PDH, OGDH and BCKDC and what is the significance of this regulation to
the overall regulation of the mitochondrial metabolism in the light.

Are any other photorespiratory enzymes regulated by TRX?

TRX chromatography affinity and proteomic thiol labelling assays have provided several
candidate enzymes for redox regulation via TRX and GRX (Balmer et al., 2004; Nietzel et al.,
2017; Yoshida, Hara e Hisabori, 2015), while experimental confirmation is still required (Balmer
et al., 2004; Buchanan, 2017a; Nietzel et al., 2017). The presence of Cys residues in the sequence
of the candidate proteins is a prerequisite for TRX redox regulation (Cejudo et al., 2014; Fonseca-
Pereira, da et al., 2020) (Fig. 4). Thus, the identification of conserved Cys residues and the
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prediction of disulfide bonds in silico perhaps eliminate false-positive results from TRX
chromatography assays which would have to be further confirmed experimentally (Fig. 4) (Souza
et al., 2019a). Therefore, we collected protein sequences from enzymes associated with
photorespiration, TCA cycle and nitrogen metabolism to search for other possible TRX targets.
The sequences were submitted to DIANNA 1.1 web server in order to predict disulfide bonds in
the input sequences (Ferré e Clote, 2005). The predictions suggest the presence of disulfide bonds
within protein sequences of all subunits of GDC, phosphoglycolate phosphatase, pILPD2, mtLPDs,
aconitase, NADH-isocitrate dehydrogenase, succinyl-CoA ligase, SDH and both FUM 1 and
FUM2 (Table S2). Several of these enzymes were previously shown to be TRX targets (Balmer et
al., 2004; Daloso, Danilo M et al., 2015; Yoshida, Hara e Hisabori, 2015). Furthermore, both
mtMDH and CS5 have no predicted disulfide bond formation, in agreement with previous results
showing that these isoforms are not redox regulated (Schmidtmann et al., 2014; Yoshida e
Hisabori, 2016b). Further enzymes of nitrogen metabolism previously captured in chromatography
TRX affinity assays also formed disulfide bonds, included NADH-dependent glutamate synthase
1 (GLT1), glutamate synthase 1 and 2 (GLUI and 2), o and  glutamate dehydrogenase (GDH1
and GDH2) and glutamine synthetase 2 (GS2) (Table S2)(Balmer et al., 2004; Daloso, Danilo M
et al., 2015; Yoshida et al., 2013). By contrast, SHMT1, a further enzyme suggested to be TRX
target (Balmer et al., 2004; Buchanan e Balmer, 2005; Yoshida et al., 2013), was predicted to not
harbour disulfide bonds, indicating relatively low probability of disulfide bond formation at SHMT.
Additionally, DIANNA predictions failed to identify disulfide bond formation in previous
established TRX targets such as mtCS4, cytMDH1 and AOX 1A. It is important to highlight that
DiANNA predictions are restricted to intramolecular disulfide bond formation, meaning that this
platform cannot predict disulfide bond formation among monomers. This likely explain the lack of
disulfide bond formation in mtCS4, cytMDH1 and AOX, given that these enzymes have been
shown to form intermolecular disulfide bonds between two monomers (Gelhaye et al., 2004;
Schmidtmann et al., 2014). One way to solve this is by adding the input protein sequence twice. In
this case, disulfide bond formation is observed when the sequences of mtCS4, cytMDH1 and AOX
are included twice. This highlights a limitation of the simple strategy we used and illustrates the
importance of additional research efforts to precisely elucidate the interplay between the different

TRX proteins and their regulatory nodes of (photo)respiratory metabolism.
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Concluding remarks and future perspectives

A complex network of interacting metabolic pathways requires a precisely coordinated
regulation to maintain cellular homeostasis. The recent discovery that photorespiration is also
regulated by TRXs indicate these redoxins as important regulators of energy metabolism. Given
that NTR/TRX-mediated regulation is intricately connected with the NAD(P)(H) metabolism,
which is in turn modified in response to both light and dark conditions, it seems reasonable to
suggest that TRXs finely control metabolic fluxes throughout the cell by activating and
deactivating key metabolic steps of pathways such as CB cycle, the cytosolic malate metabolism,
the TCA cycle and GDC activity, according to the redox condition. We further postulate that
minimal changes in the presence or intensity of light and/or in the levels of NAD(P)(H) and ROS
would be anticipated by the TRX system to tightly regulate metabolic fluxes through
photosynthesis and (photo)respiration. From a myriad of studies, it has become increasingly
evident that TRXs-mediated redox regulation facilitates plant metabolic adjustments in response
to the prevailing environment conditions. Considering the role of mitochondrial TRX system in
regulating GDC (Fonseca-Pereira, da et al., 2020; Reinholdt, Schwab, Zhang, Reichheld, J., et al.,
2019), and given the importance of photorespiration for photosynthesis and plant productivity
(Lopez-Calcagno et al., 2018; Timm et al., 2015; Timm e Hagemann, [s.d.]), it will be interesting
to elucidate how, and to what extent, TRXs integrate responses among subcellular compartments
to coordinate mitochondrial operation in the light, by adding flexibility to not fully abolish TCA
cycle flux by highly demanding fluxes from photorespiratory pathway and photosynthesis
(lgamberdiev, 2020). However, given the known redundancy and the complementarity of the plant
redox system (Souza, Paulo V.L. et al., 2018), several questions remain rather unclear, including:
(i) how do TRXs interact with the other components of this system to coordinate plant cell
homeostasis, especially under sub-optimal environmental or stress conditions? (ii) Is redox
regulation via TRXs the major mechanism that control metabolic fluxes throughout central
metabolism? (iii) Which protein or mechanism compensate the lack of TRX o1 in AOX regulation?
(iv) Can TRX specifically guide metabolic fluxes through different pathways in response to
environmental changes? (v) What is the implication of the redox regulation of photorespiration for
plant stress acclimation? What is clear from the recent studies highlighted here is that redox
regulation undoubtedly remains a potential target in which an inhibition or activation could
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synergize with the metabolic response to sustain plant growth and development, particularly in
response to environmental fluctuations such as light conditions (Souza, Paulo V.L. et al., 2018).
Given the multiplicity of targets that TRXs can reduce, much of which still deserve validation by
different approaches, we posit that determining the precise subcellular location of TRXs, including
TRX h2, and the specific targets of the mitochondrially located TRXs will likely be of paramount

importance in providing useful information for improving metabolic engineering in land plants.
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Fig. 1. Schematic representation of the proposed metabolic fluxes through the TCA cycle and
associated pathways in the light. Compelling evidence indicate that TRXs contribute to stimulate
the fluxes through the C6 branch of the TCA cycle by activating CS4 and a regulatory subunit of
NAD"-dependent isocitrate dehydrogenase (IDH-r) (Schmidtmann et al., 2014; Yoshida e
Hisabori, 2014). Given that PDH is inhibited by phosphorylation and possibly by TRX o1l in the
light (Fonseca-Pereira, da et al., 2020; Tovar-Méndez, Miernyk e Randall, 2003), the activation of
the C6 branch of the TCA cycle assumes a pivotal importance to increase the flux from citrate
stored in the vacuole toward glutamate biosynthesis (Abadie et al., 2017a; Maurice Cheung et al.,
2014). By contrast, the C4 branch of the TCA cycle seems to be downregulated through
deactivation of both SDH and FUM1 by TRX 01 (Daloso, Danilo M et al., 2015). It seems likely
that both malate and fumarate synthesized in the mitochondria are used to sustain the massive
fumarate accumulation in the light (Pracharoenwattana et al., 2010). This idea is supported by the
fact that both cytMDH and FUM2 have been shown to be activated by TRX h1-5 and TRX h2,
respectively (Daloso, Danilo M et al., 2015; Huang et al., 2018). Alternatively, organic acids can
be transported out of the cell to the apoplastic space, where it can reach guard cells and regulate
stomatal movements (Araudjo et al., 2011). Collectively, the TRX-mediated regulation of TCA
cycle enzymes contributes to explain why respiration is inhibit in the light (Tcherkez et al., 2009)
and why the TCA cycle operates in a non-cyclic mode under this condition (Sweetlove et al., 2010).
It remains unclear whether the TRX-mediated mtLPD regulation inhibits the activity of both
mtPDH and OGDH in vivo (see question markers). Thicker arrows correspond to metabolic
reactions carrying higher metabolic fluxes. Dashed lines represent possible fate of organic acids
produced in mitochondria in the light. White spheres represent organic acid carriers. Abbreviations:
Carriers: CC, mitochondrial acetyl-CoA carrier; DTC, dicarboxylate/tricarboxylate carriers; PC,
pyruvate carrier; SFC, mitochondrial succinate/fumarate carrier; tDT, tonoplast dicarboxylate
transporter. Metabolites: 2-OG, 2-oxoglutarate; AcCoA, acetil-CoA; Fum, fumarate; Isocit,
isocitrate; Mal, malate; OAA, oxaloacetate; PEP, phosphoenolpyruvate; Succ, succinate; TCA,
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tricarboxylic acid. Enzymes: ACL, ATP citrate lyase; ACO1, aconitase 1; CS4, citrate synthase 4;
cytMDH1, cytosolic malate dehydrogenasel; IDH-r, regulatory subunit of NAD*-dependent
isocitrate dehydrogenase; FUM1 and 2, fumarase 1 and 2; mtMDH, mitochondrial malate
dehydrogenase; OGDH, oxoglutarate dehydrogenase; PDH, pyruvate dehydrogenase; PDK,
pyruvate dehydrogenase kinase; SDH, succinate dehydrogenase; TRX h2, thioredoxin h2; TRX o1,
thioredoxin ol. The scheme shown is mostly based on data from (Daloso, Danilo M et al., 2015).
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Fig. 2. Structure of plant glycine decarboxylase (GDC). Schematic representation of the four
subunits H, L, P and T that compose GDC, highlighting the presence of Cys residues and the role
of both TRXs 01 and h2 in deactivating the L subunit. GDC regulation via substrate, products and
cofactors is also highlighted. Compounds in green and red colours indicate positive and negative
regulators of GDC activity, respectively. Abbreviations: GDC, glycine decarboxylase; TRX h2,
thioredoxin h2; TRX o1, thioredoxin 0l. The scheme shown is mostly based on data from (Douce
etal., 2001).
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Fig. 3. Allosteric and posttranslational mechanisms that regulate glycine decarboxylase (GDC)
activity. GDC is a key enzyme that integrates photorespiration, the tricarboxylic acid (TCA) cycle
and nitrogen metabolism. Glutamate synthesized by GOGAT and malate formed by mtMDH
contribute to the activation of GDC in mitochondria. SHMT1 and MDH are represented by
rectangles, whilst GDC subunits (H, L, P and T) and GOGAT are represented by light blue spheres
and by a hexagon, respectively. Green and red arrows indicate mechanisms and compounds that
activate or deactivate GDC, respectively. Abbreviations: GDC, glycine decarboxylase; GOGAT,
glutamine:2-oxoglutarate aminotransferase; mtMDH, mitochondrial malate dehydrogenase;
SHMT1, serine hydroxymethyltransferase 1. The scheme shown is mostly based on data from
(Bykova et al., 2014; Eisenhut, Roell e Weber, 2019; Max et al., 2020; Nietzel et al., 2017).
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Fig. 4. Simplified representation of the main approaches used to identify potential thioredoxin
(TRX) targets and to unveil the role of TRXs in planta. A) Approaches used to identify putative
TRX targets based in labelling of thiol groups or trapping TRXs into a TRX affinity column with
posterior mass spectrometry (MS) identification. The left side methodology allows the label of
reduced thiols with different isotope-coded affinity tag (ICAT) reagents. First, all reduced Cys are
labelled with ?)C-ICAT. After, Tris (2-carboxyethyl) phosphine (TCEP) is applied to reduce all
remained oxidized Cys that are posteriorly labelled with *C-ICAT. After trypsination and
purification, the proteins are identified by MS. In the middle panel, reduced thiol groups of control
and treatment samples are separately marked and blocked with nethylmaleimide (NEM). After
reduction of the remaining oxidized Cys with DTT, thiol-specific fluorescent tags are then applied.
The samples are separately analysed in a 2-dimensional gel and the identification of protein spots
are identified by MS. At the right panel, extracted proteins are applied into an affinity
chromatography TRX column that contains a Cys residue modified to Ser. Stable hetero-disulfide
complexes are formed with target proteins, whilst the non-TRX target proteins are eluted
throughout the column. DTT is then applied to elute the TRX target proteins, being later identified
by MS. B) There is evidence showing that TRX-target proteins have conserved Cys residues among
different taxa. Thus, one way to identify possible TRX targets is by searching conserved Cys
residues in putative TRX targets. However, the presence of conserved Cys residues does not
unequivocally guarantee that those Cys residues are available for TRX reduction. Thus, it is
important to verify the 3D position of the Cys residues. To do this, both DIANNA? and SWISS-
MODEL? platforms are suggested for 3D visualization and to predict disulfide bond formation®.
Another possibility to raise putative TRX targets is by interrogating interactome database. After
obtaining putative TRX targets (exemplified here as XDH, a putative X dehydrogenase), several
biochemical assays can be carried out in WT and a specific trx mutant that is located to the same
subcellular localization of XDH. For instance, to identify which Cys residues are mostly
contributing to the redox regulation of XDH activity, one way to investigate this is by replacing
Cys to Ser residues. After that, XDH activity is analysed containing or lacking mutated Cys
residues. In parallel, the redox status of XDH can be verified by gel shift analysis. XDH activity
can also be investigated under the presence of recombinant TRX in WT and trx protein samples.
Lastly, metabolite profiling and metabolic flux analysis can be performed using WT and trx mutant
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to investigate the effect of the lack of the TRX on the metabolic reaction and pathway in which
XDH is inserted.
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Fig. 5. Structure and amino acid alignment of mitochondrial dihydrolipoamide dehydrogenase
(LPD) 1 (AT1G48030) and LPD2 (AT3G17240). A) The 3D model of the LPD1 and LPD2 was
built using SWISS-MODEL program. The template used to generate both LPD1 and LDP2 models
was 1dxl.2.A from Pisum Sativum. LPD1 and LPD2 have 88.6 % and 87.8 % of similarity with the
template amino acid sequence, respectively. Spheres represent disulfide bonds. B) Amino acid
alignment between Arabidopsis mitochondrial LPDs 1 and LPD2. Amino acid sequences were
collected at the National Center for Biotechnology Information (NCBI) and analysed by using
ClustalW and Genedoc platforms. These proteins share 92% of conserved domains. Cys residues
are highlighted in green.
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Table S1. List of mitochondrial redox proteins. * Despite evidence demonstrating that AtTRX h2 is locate in both the cytosol and
mitochondria in Populus trichocarpa [S13], and onion epidermal cell assays[S1], there is no other evidence that corroborate this result.

In addition, TRX h2 has not been found in a recent large-scale proteomic study [S2]. For further putative mitochondrial TRX redox-
regulated proteins, please see [S2].

Arabidopsis
gene ID

AT5G39950

AT2G35010

AT1G31020
AT2G17420
ATA4G35460

AT3G06050

AT2G31570

AT2G43350

Abbreviation

TRX h2*

TRX ol

TRX 02

NTRA

NTRB

PRX Il F

GPX 2

GPX 3

Protein name

Thioredoxin h2

Thioredoxin ol

Thioredoxin 02
NADPH-dependent thioredoxin reductase A
NADPH-dependent thioredoxin Reductase rB

Peroxiredoxin-2F

Glutathione peroxidase 2

Glutathione peroxidase 3

Location

Cyt/Mitoc

Mitoc

Mitoc
Cyt/mitoc
Cyt/mitoc

Mitoc

Cyt/ Chlorop

Mitoc/Chlorop

References

(Meng, L. et
al., 2010;
Traverso et al.,
2013)
(Laloi et al.,
2001)
(Finkemeier et
al., 2020)
(Finkemeier et
al., 2020)
(Reichheld et
al., 2007)
(Reichheld et
al., 2007)
(Finkemeier et
al., 2005)
(Demircan,
Cucune
Uzilday,
2020)(Mittler
et al., 2004)
(Demircan,
Cucune
Uzilday,



AT4G11600

AT3G54660

AT3G15660

AT1G31170

AT5G42150

AT3G10920.1

GPX 6

GR2

GRXs 15

SRX
mPGES-2

MnSOD(MDS1)

Glutathione peroxidase 6

Glutathione reductase 2

Glutaredoxin

Sulfiredoxin
Microsomal prostaglandin E synthase type 2

Manganese superoxide dismutase

Mitoc/Chlorop

Mitoc/Chlorop

Mitoc

Mitoc/Chlorop
Mitoc

Mitoc

2020)(Ozyigit
et al., 2016)
(Demircan,
Cucune
Uzilday,
2020)(Ozyigit
etal., 2016)
(Chew,
Whelan e
Millar, 2003)
(Finkemeier et
al.,
2020) (Moseler
et al., 2015)
(Hyun et al.,
2005)
(Finkemeier et
al., 2020)
(Finkemeier et
al., 2020)
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Table S2. Putative thioredoxin (TRX)-mediated redox regulated enzymes related to photorespiration and associated pathways. The
amino acid sequences from Arabidopsis thaliana L. were collected at the National Center for Biotechnology Information (NCBI) and
the prediction of the disulfide bond formation was obtained using DIANNA web server program. We used the sequence of the major
isoforms of each enzyme. Abbreviation: TCA cycle, tricarboxylic acid cycle.

. Disulfide bridge Regulate via TRX
Enzymes Tair - Score L9 o
prediction in vitro or in vivo
Photorespiration
Glycine decarboxylase H AT2G35370  33-47//43-70//145-57//45-70  0.995//0.998//0.995
Glycine decarboxylase L TRX ol TRX o0l
(MtLPD1) AT1G48030 71-483// 82 - 483 All above 0,98 TRX h2 TRX h2
: 98 - 245//228 - 280//253 -
Glycine decarboxylase P1 ~ AT4G33010 463//402 - 777//569 - 768 All above 0.99
: 103 - 251//234 - 286//259 -
Glycine decarboxylase P2 ~ AT2G26080 670//408 - 783//575 - 774 All above 0.99
Glycine decarboxylase T AT1G11860 221276 0.991
Serine hydroxymethyl ATAG37930 - Lower than 0.03
transferase
Glycolate oxidase (GO1) AT3G14420
Alanine Glyoxylate AT2G13360 66-382 0.678
Aminotransferase
Hydroxypyruvate AT1G68010 Lower than 0.02
reductase 1
Phosphoglycolate 27-232/143-86//43-239//43-
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Abstract

Plants contain three NADPH-thioredoxin reductases (NTR) located in the cytosol/mitochondria
(NTRA/B) and the plastid (NTRC) with important metabolic functions. However, mutants
deficient in all NTRs remained to be characterized. Here, we generated and characterized the triple
Arabidopsis ntrabc mutant alongside with ntrc and ntrab mutants. Similar to the ntrc mutant, plants
lacking all NTRs showed reduced growth and substantial metabolic alterations. However, ntrabc
showed higher effective quantum vyield of PSII under both continuous and fluctuating light
conditions, suggesting a functional interaction between chloroplastic and extra-chloroplastic NTRs
in photosynthesis regulation. The redox states of ASC/DHA in the light and glutathione
(GSH/GSSG) in the night were altered in ntrabc plants. The activities of antioxidant enzymes were
strongly reduced in all mutants, especially at night, which led to an over-accumulation of H20> in
this time-period. Although the triple ntrabc mutant revealed reduced plant growth, it could
complete its full development, indicating that the NTR system is not essential for full Arabidopsis
development.

Key words: Metabolic regulation, H202, redox metabolism, NADPH thioredoxin reductase
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Introduction

Plants have an unprecedented redox system that allow these organisms to rapidly respond
to changes in environmental cues (Geigenberger, Thormahlen, Daloso, Danilo M, et al., 2017).
Light absorption rapidly alters the redox state of the chloroplasts by increasing the level of redox
active molecules such as NAD(P)H, reduced ferredoxin (Fdx) and H20. (Elsésser et al., 2020;
Ugalde et al., 2021). H2O> is a powerful oxidant, acting as an important regulator of plant
metabolism by modulating gene expression and altering enzyme activity through the oxidation of
Cys residues in redox-sensitive proteins (Foyer et al., 2020). This process is counter-balanced by
thioredoxins (TRXs), ubiquitous proteins involved in redox regulation of plant metabolism by
modulating Cys thiol-disulphide exchange in target proteins (Fonseca-Pereira, da et al., 2021).
Plant redox metabolism is thus orchestrated by redox reactions, which aid plants to rapidly respond
to changes in environmental signals (Meyer et al., 2021b).

TRXs have two redox-active conserved Cys residues, in which thiol moieties are modified
according to the redox state of the cell (Buchanan, 2016a). Plant TRXs depend on reducing power
derived from TRX reductases, which use either photosynthetically Fdx or NADPH as electron
donors, according to the subcellular location (Meyer et al., 2009). In the chloroplasts, Fdx and
NADPH are respectively used by Fdx-dependent TRX reductases (FTRs) and the NADPH-
dependent TRX reductase C (NTRC), which also harbour a TRX domain in its structure (Evans,
Buchanan e Arnon, 1966; Serrato et al., 2004). Although NTRC and FTRs comprise distinct
pathways, they act cooperatively regulating chloroplastic metabolism by activating different TRX
isoforms present in this organelle (Thorméhlen et al., 2015b; Yoshida e Hisabori, 2016a). Plants
further possess two other NTRs, namely NTRA and NTRB, which are the major TRX reductases
outside of the plastids (Laloi et al., 2001; Reichheld et al., 2007, 2005). Therefore, NTR proteins
are key for the reduction of several TRX isoforms found in different subcellular compartments. In
turn, reduced (active) TRXs can (de)activate several redox-regulated enzymes in the cell, some of
which are related to important physiological process such as photosynthesis, starch synthesis and
(photo)respiration (Cejudo, Gonzélez e Pérez-Ruiz, 2021; Marti, Jiménez e Sevilla, 2020).

Compared to animal cells, plants have a higher number of different TRX and TRX reductase
isoforms, residing in different subcellular compartments (Foyer e Noctor, 2020). Whilst only one
TRX reductase is found in mammalian mitochondria, plants possess two NTR proteins (NTRA and
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NTRB) in this organelle, as result of a genetic duplication (Blanc et al., 2000; Reichheld et al.,
2005). This leads to a higher robustness of the plant redox network compared to animal cells. For
instance, whilst the knockout of the mitochondrial TRX reductase is lethal for mammalian cells
(Conrad, Jakupoglu, C, et al., 2004), Arabidopsis plants lacking either NTRC or both NTRA and
NTRB are smaller than WT plants, but still viable (Daloso, Danilo M et al., 2015; Reichheld et al.,
2007). The reduced growth of the ntrc mutant has been associated to its lower photosynthetic
capacity and impairments in carbohydrate metabolism, especially under fluctuating light conditions
(Serrato et al., 2004; Thorméhlen et al., 2017). Furthermore, NTRC has an important role in the
regulation of 2-Cys peroxiredoxins (PRXs), an important component of the reactive oxygen species
(ROS) scavenger system (Ojeda, Pérez-Ruiz e Cejudo, 2018; Pérez-Ruiz et al., 2017). Thus, the
reduced growth of ntrc plants may be also related to a disturbed ROS metabolism, which may have
consequences for several non-plastidial metabolic pathways (Sousa et al., 2019). On the other hand,
the restricted growth of the double ntrab mutant may be associated to the alterations observed in
the carbon metabolism within the cytosol and mitochondria (Daloso, Danilo M et al., 2015).

Previous protein-protein interaction analysis has shown that NTRC interacts with proteins
involved in sulphur and nitrogen assimilation, photorespiration and protein synthesis (Gonzalez et
al., 2019), providing evidence that the physiological role of NTRC may be wider than currently
known. Furthermore, it has been shown that glutathione can reduce plant TRXs in vitro and that
NTRA/NTRB and glutathione reductase (GR) act in cooperation (Marty, Bausewein, Miiller,
Bangash, Moseler, Schwarzlander, Miiller-Schiissele, et al., 2019; Marty, L. et al., 2009; Reichheld
et al., 2007, 2005). These results indicate that the plant NTR/TRX system is highly connected to
other redox players, including glutathione and ascorbate metabolisms (Calderon et al., 2018b). In
fact, co-expression and protein-protein interaction network analyses demonstrated that the different
components of the chloroplast redox network are highly connected with each other (Souza et al.,
2019a). However, it remains unclear whether the deficiency of NTRA and NTRB has additional
consequences for the ntrc mutant, and vice versa, and whether the complete lack of the entire NTR
system is severely affecting plant growth, development and viability.

As the whole plant metabolism and, in special, redox reactions operate in a highly integrated
and dynamic manner in response to endogenous and environmental changes, it is crucial to
understand the interactions that occur between the three plant NTR isoforms. Considering this, we
have obtained a triple NTR mutant (ntrabc) by crossing the ntrc single mutant with the double
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ntrab mutant in Arabidopsis. We characterized these plants alongside with wild type (WT), ntrc
and ntrab mutants by analysing the regulation of growth, photosynthesis and both primary and
redox metabolisms under different environmental conditions. Our metabolite profiles results
indicate the NTR fundamental role to maintained of redox homeostasis of the metabolism during
the day and night. Furthermore, although NTRs, alone or in combination, are crucial to maintain
normal growth rates under constant or fluctuating light conditions, our data highlights that NTR
isoforms display complementary and redundant functions to allow metabolic acclimation to

environmental changes, while they are not essential for full plant development.

Material and methods

Plant material and growth conditions

Seeds from Arabidopsis thaliana (Arabidopsis) L. Columbia (Col-0) and T-DNA
insertional mutants ntrc (SALK_012208) and ntrab (NTRA SALK 539152, NTRB
SALK 545978) were obtained from SALK collection (http://signal.salk.edu/) and characterized
previously (Daloso, Danilo M et al., 2015; Reichheld et al., 2007; Serrato et al., 2004; Thormahlen
et al., 2015b). The triple ntrabc mutant was obtained by crossing the single ntrc with ntrab. Seeds
were germinated as described previously (Fonseca-Pereira, da et al., 2020) and sown in soil
containing sand, vermiculite, and organic substrate Topstrato® (1:1:1). Plants were grown under
120 pmol photons m2s *and different photoperiods (8:16 or 12:12 h light:dark).

Growth analysis

Plants were harvested to determine plant size (cm?) and fresh and dry weights (mg). The
size of entire rosettes was measured using the software Photoshop (Adobe Photoshop®). Prior to
the measurement of dry weight, the entire rosette was dried out in an oven (60°C) for 48 h.

Protein extraction and immunoblots

Arabidopsis protein extracts were prepared by grinding approximately 150 mg of fresh
weight leaf material in liquid nitrogen and resuspended in extraction buffer (25 mM Tris HCI, pH
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7.6, 75 mM NaCl, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride, and 0.1% Nonidet P-40).
After centrifugation (15 min, 13,000 rpm, 4°C), protein concentrations from the supernatant were
determined using the Protein Assay kit (Bio-Rad). Proteins were separated by SDS-PAGE and
transferred to Immobilon-P membranes (Amersham Pharmacia). Rabbit polyclonal antibodies
against NTRB (Reichheld et al., 2007) and NTRC (Serrato et al., 2004) were diluted 1:10,000 for
protein gel blotting. Goat anti-rabbit antibodies conjugated to horseradish peroxidase (Amersham
Pharmacia) were used as secondary antibodies and revealed with enhanced chemiluminescence

reagents (Amersham Pharmacia).

Pulse-amplitude-modulation (PAM) measurements of chlorophyll a fluorescence

Plants were dark-acclimated for 30 min and then transferred into an image PAM (MAXI
version, WALZ) instrument. Plants were treated with 150 pmol photons m2s™* for 20 min followed
by darkness for 10 min. For the measurement under FL, plants were treated with 4 min low light
followed by 4 cycles of FL comprising 1 min high light phases (500 umol photons m2s?) and 6
min low light phases (50 pmol photons m2s™), and then the dark for another 5 min. The emission
of florescence was documented by the image PAM and used to estimate the effective quantum
yield of photosystem Il [Y(II)], non-photochemical quenching (NPQ) and the reduction of
plastoquinone pool (1-gL), as described earlier (Thormahlen et al., 2017).

GC-TOF-MS-based metabolite profiling analysis

Polar metabolites were extracted from leaves harvested at end of the day (ED) and end of
the night (EN) and derivatized following a well-established gas chromatography- time of flight -
mass spectrometry (GC-TOF-MS) platform (Lisec et al., 2006). Metabolites were identified using
the TagFinder 4.1 software and the Golm Metabolome Database (Kopka et al., 2005; Luedemann
et al., 2008). The data presented corresponds to the intensity of specific fragments of the
metabolites normalized by the fresh weight (g) used for metabolite extraction and the intensity of
the internal standard (ribitol/*3C-Sorbitol) added during the extraction (Lisec et al., 2006).

Determination of reduced and oxidized glutathione and ascorbate contents
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The contents of oxidized (DHA), reduced (ASC) and total ascorbate (DHA + ASC) was
determined as described previously (Kampfenkel, Montagu, Van e Inzé, 1995). In brief, leaves
harvested at ED and EN were ground to a powder using liquid nitrogen. The method is based on
the reduction of Fe*® into Fe*? by ASC and spectrophotometric detection of the Fe*? complex bound
to 2,2’-pirydine, being monitored by decrease of the ASC absorbance at 525 nm. Both ASC and
DHA forms were expressed as pmol mg™ fresh weight (FW) calculated from ASC standard curve.
GSH was measured by the GSH reductase (GR)-dependent reduction of 5,5'-dithiol-bis (2-
nitrobenzoic acid), DTNB with some adaptation (Griffith, 1980). In brief, the total glutathione
(GSH +GSSG) was determined through the reaction dependent of 1 U of Glutathione Reductase
(GR), 0.15 mM of NADPH, reaction buffer 100 mM -sodium phosphate buffer (pH = 7.0)- , and
6 mM DTNB. GSH was measured using 0.15 mM of NADPH, reaction buffer 100 mM -sodium
phosphate buffer (pH =7.0)-,and 6 mM DTNB, while GSSG was calculated by -Total Glutathione
(GSH + GSSG) — GSH = GSSG. The content of GSH and GSSG was expressed as pmol g* FW
and calculated using a standard curve of GSH. In addition, the ascorbate and glutathione redox
states were calculated by ASA or DHA / ASA + DHA * 100 and GSH or GSSG / GSH + GSSG

*100, both results expressed in percentage

Determination of superoxide dismutase, catalase and ascorbate peroxidase activities

Total proteins were extracted by adding 1 ml of potassium phosphate buffer (100 mM; pH
7.0) containing EDTA (final concentration of 1 mM) in tubes containing powder of frozen leaves.
The homogenate was centrifuged at 15,000 g at 4°C for 15 min, and the resulting supernatant was
used for the determination of all enzymatic activities. The total content of soluble proteins was
measured according to Bradford (Bradford, 1976). All enzymatic activities were determined
spectrophotometrically. Superoxide dismutase activity (SOD) was determined based on the
inhibition of tetrazolium chloride (NBT) nitro blue chloride photoreduction (Giannopolitis e Ries,
1977). The unit of SOD activity (U) was defined as the amount of enzyme needed to inhibit 50%
of NBT photoreduction, expressed as U mg™ FW mint. Catalase activity (CAT) was measured by
reduction of H.O> (BEERS e SIZER, 1952; Havir e McHale, 1987). CAT activity was calculated
using the molar extinction coefficient of H,0, (40 mM cm™) and expressed as mmol H20, mg™
FW mint. The activity of ascorbate peroxidase (APX) was measured based on the oxidation of
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ASC, in a reaction mixture containing 0.45 mM of ASC, 3 mM of H20,, and 50 pl of the protein
extract, all diluted in a buffer of potassium phosphate 100 mM (pH 7.0) containing 1 mM EDTA
in a final volume of 1.5 ml (Nakano e Asada, 1981). APX activity was expressed in umol ASC
mg 1 FW min™.

Detection of hydrogen peroxide

The H20- content was quantified using the Red Hydrogen Peroxide / Peroxidase Amplex
Assay kit (Life Technologies, Carlsbad, CA, United States) according to the manufacture’s
protocols. In brief, 100 ul of protein extract was mixed with 100 ul of the Amplex red solution
(Amplex-red 0.2 M +HRP 0.2 U + potassium phosphate buffer 100 mM; pH 7.5). The absorbance
was measured at 560 nm to quantify the H20 concentration (Zhou et al., 1997). The results were

expressed as nmol H,0, mg™* FW.

Statistical analysis

All measurements were performed with at least four biological replicates. All graphs were
generated using GraphPad Prism 9. Heat maps were created using the MeV 4.9.0 software. The
genotypes were compared by analysis of variance (ANOVA) followed by Tukey’s test or by
Student’s t test (P < 0.05). Metabolomics data was analysed by hierarchical clustering analysis
(HCA) and principal component analysis (PCA) using either MeV 4.9.0 software or the
Metaboanalyst platform. Pearson correlation analysis was also carried out using the Metaboanalyst
platform (Pang et al., 2021).

Results
Plant growth is severely impaired in plants lacking the complete set of NTR proteins

We obtained an Arabidopsis mutant lacking all three NTR isoforms (ntrabc) through
crossing of the single ntrc and the double ntrab mutant. The deletion of NTR proteins in the ntrabc
line was confirmed by immunoblotting using antibodies against NTRC and NTRA+B (Figure 6a).
The triple ntrabc mutant displayed a similar pale-green phenotype as ntrc lines if grown under
either, medium light (ML) (150 pmol m? s%; 12 h day/12 h night) or fluctuating light (FL) (50



55

pmol m2 st for 5 min; 550 umol m s for 1 min; 12 h day/12 h night) conditions, respectively
(Figure 2a). Furthermore, ntrabc plants - similar to ntrc - showed reduced plant growth when
compared to WT and ntrab, as indicated by lower fresh weight (FW), dry weight (DW) and plant
size under ML and FL (Figure 7). However, no statistical difference between ntrc and ntrabc
mutants was observed (Figure 7b). Interestingly, although ntrabc plants have reduced plant growth,
they could complete their life cycle, from vegetative to reproductive stages (Figure 6b). These
results collectively indicate that the lack of NTRA and NTRB do not exacerbate the growth
restriction caused by the absence of NTRC and highlight that NTR proteins are not essential for

full Arabidopsis development.

Impaired photosynthetic capacity in the single ntrc mutant is attenuated in the ntrabc triple

mutant

Plants lacking ntrc have reduced photosynthetic capacity (Thormahlen et al., 2015b). We
therefore investigated whether the additional lack of both NTRA and B causes additional
photosynthetic impairment in ntrabc plants. During dark-light transitions, both ntrc and ntrabc
were found to have reduced effective quantum yield of PSII (Y(I1)) and elevated levels in the
reduction of plastoquinone pool (1-qL) and in non-photochemical quenching (NPQ), when
compared to WT and ntrab (Figures 7c-e). However, during the first 10 min of the transition, Y(II)
was surprisingly higher and NPQ lower in ntrabc compared to ntrc plants (Figures 7c-d). The
differences between ntrabc and ntrc mutants with respect to these photosynthetic parameters were
enhanced when plants were analysed in alternating low light (LL) and high light (HL) phases in
FL, compared to continuous light (Figure 8). Under these conditions, the photosynthetic levels in
the ntrabc triple mutant ranged between those of WT and ntrc single mutant (Figures 8a-c). These
results indicate that during transient changes in light intensity, the photosynthetic phenotype of the

ntrabc triple mutant is less severe, compared to the ntrc single mutant.

Leaf primary metabolism is substantially altered in the ntrabc triple mutant with the extent

being dependent on the light conditions



56

We next investigated the consequences of NTRs absence on primary metabolism by
analysing the metabolite profiles in leaf samples harvested at the end of the day (ED) and end of
the night (EN) using GC-TOF-MS. The metabolite profile of ntrabc plants was largely comparable
to ntrc at ED. Twenty out of forty-five metabolites identified were significantly different in both
ntrc and ntrabc, if compared to WT at ED. This statement is in line with both hierarchical clustering
analysis (HCA) (Figure 9a) and principal component analysis (PCA), in which a clear separation
of both ntrc and ntrabc plants from WT and ntrab was observed by the PC1 (Figure 9b). On the
other hand, nineteen metabolites were significantly different in both ntrab and ntrabc at EN, if
compared to WT (Figure 9a). However, HCA demonstrated that ntrabc is more similar to ntrc than
ntrab and the PCA showed no clear separation among the genotypes at EN (Figures 9a,c). Among
the metabolites altered in ntrabc leaves, considerable differences were found in the abundances of

carbohydrates.

The absence of NTRs strongly reduce the activity of antioxidant enzymes, leading to H20:

over-accumulation at night

NTRC is an important hub for the redox metabolism (Lépez-Grueso et al., 2019; Souza et
al., 2019a), we next investigated whether H.O> content and the activity of antioxidant enzymes
were altered in ntr mutants. Interestingly, our results showed that the major alterations were
observed at EN, and, to a lesser extent, at ED. The H>O> content and the activity of superoxide
dismutase (SOD) was unaltered in ntrabc plants at ED, when compared to WT plants (Figures 10a-
b). However, all mutants showed lower activity of both ascorbate peroxidase (APX) and catalase
(CAT), when compared to WT plants at ED (Figures 10c-d). In contrast, the content of H,O> was
higher, while the activity of SOD, APX and CAT was lower in all mutants at EN, if compared to
WT (Figures 10e-h). These results collectively indicate that the knockout of NTRs directly affects
ROS metabolism, in which reduced activity of ROS-scavenging enzymes leads to an over-

accumulation of H2O2 at EN.

The relative levels of GSH and GSSG are altered in ntrabc plants at night
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To further enhance our understanding about the role of NTRs for the regulation of redox
metabolism, we quantified the concentrations of ascorbate (ASC), dehydroascorbate (DHA) and
oxidized (GSSG) and reduced (GSH) glutathione in leaf samples harvested at ED and EN. No
changes in the concentration of ASC or DHA between ntrabc and the WT were observed in either
ED or EN, although significant changes in these molecules were present in ntrc and ntrab at EN.
At ED, ntrc plants showed lower ASC and higher DHA than WT (Figures 11a-f), leading to a
decrease in the ASC percentage of the total ASC pool (Figure 12). No major changes in GSH and
GSSG between ntrabc and the WT was found, with the exception of GSSG which was 6.5-fold
higher in ntrabc than WT at EN (Figures 11g-h). By analysing the percentage of oxidized DHA
and GSSG related to their reduced forms (ASC and GSH), the unique differences between WT and
ntrabc plants was the percentage of GSH and GSSG found at EN, in which ntrabc have higher
GSSG and lower GSH compared to the control (Figure 11). By contrast, all parameters were
different between ntrc and the WT, while ntrab showed much lower and higher % of ASC and
DHA than the WT at EN (Figure 12).

Interestingly, whilst the level of H2O2 was not correlated with redox-related parameters at
ED, H.O> was negatively correlated with the activity of CAT and APX at ED and positively
correlated with the concentration of GSSG at EN (Figure 13a-b). Furthermore, PCA using H20-
and antioxidant-related parameters revealed a clear separation of the different genotypes at ED
(specifically between ntrc and ntrabc), while that the major differences between WT and the
mutants was present at EN (Figures 13c-d). Collectively, these results highlight that NTR proteins
are key for the regulation of redox metabolism and to maintain the homeostasis of plant cells,

especially in the night.

Discussion

Redox reactions mediated by thioredoxins and thioredoxin reductases are fundamental
properties of living cells (Biddau et al., 2018; Cheng et al., 2017; Jakupoglu et al., 2005; Muri et
al., 2018). For instance, the absence of NADPH-dependent thioredoxin reductase is lethal for
mammalian cells (Conrad, Jakupoglu, C, et al., 2004). In contrast to this, neither the lack of the
plastidial NADPH-dependent thioredoxin reductase C (NTRC) nor the lack of both non-plastidial
NTRA and NTRB is lethal for plant cells. The enhanced robustness of the plant redox network may
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be associated to their higher number of redundant and compensatory redox players, compared to
other organisms. However, it is still not completely understood how the plant NTR system is
associated to other redox components, such as the metabolism of ROS, NAD(P)(H), ascorbate and
glutathione. This is partially due to the lack of information from plants missing the complete set of
NTRs. Here, we characterized the triple ntrabc mutant to obtain better insights into the role of
NTRs for the regulation of photosynthesis, metabolism and plant growth in different environments

as well as to investigate how the lack of all NTRs affects plant redox metabolism.

NTR proteins are highly important for photosynthesis and plant growth, but not essential for
full Arabidopsis development

We generated an Arabidopsis mutant lacking all NTR isoforms through crossing ntrab and
ntrc mutants. Western blot analysis demonstrated that ntrabc plants showed no detectable signals
for the NTRA, NTRB and NTRC proteins, indicating a complete knockout in these proteins (Figure
6a). It was previously shown that the ntrab and especially the ntrc mutant have reduced plant
growth, compared to WT (Daloso, Danilo M et al., 2015; Ojeda et al., 2017; Reichheld et al., 2007,
Thormahlen et al., 2015b). We hypothesized that the additional absence of NTRA and NTRB
would cause a more severe growth restriction in the ntrc background. The results showed that the
ntrabc triple mutant have the same pale green phenotype (Figure 7a) and higher Y (II) and lower
NPQ than ntrc single mutant during dark-light transitions and fluctuating light intensities (Figures
7c-d, 8a-b), indicating increased rather than a decreased photosynthetic performance. Thus,
contrary to the expected, the additional lack of NTRA and B did not aggravate photosynthetic and
growth impairments caused by NTRC knockout. These results are in line with previous studies
showing that extra-plastidial components of the NTR/TRX system (i.e. NTRA, NTRB, TRX ol
and TRX h2) affect photosynthetic efficiency of Arabidopsis plants (Hou, Lehmann e
Geigenberger, 2021; Reinholdt, Schwab, Zhang, Reichheld, J., et al., 2019) in different
environmental conditions, including drought (Fonseca-Pereira, Da et al., 2019). Although the
mechanisms by which extra-chloroplastic redox players regulate photosynthetic efficiency are
unclear, it has been shown that glycine decarboxylase (GDC) is deactivated by TRX 0l and TRX
h2 in vitro (Fonseca-Pereira, da et al., 2020; Reinholdt, Schwab, Zhang, Reichheld, J., et al., 2019),
suggesting that the increased photosynthetic efficiency of the double trxol trxh2 mutant, and
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probably the triple ntrabc mutant, could be associated to higher photorespiratory fluxes on a short-
term (Hou, Lehmann e Geigenberger, 2021), which, in turn, would favour the photosynthetic
process during dark-to-light transition and under FL condition (Bourguignon, Neuburger e Douce,
1988; Timm et al., 2012, 2015). It is noteworthy that such operation might be a short-term effect,
only occurring when plants experience a dark-to-light transition or undergo fluctuation in light

intensity.

Despite their reduced growth, ntrabc plants were able to complete their life cycle and
produce fertile seeds (Figure 6b). This demonstrates that NTR proteins are not essential for full
plant development. This is probably due to the complexity of the plant redox network, in which
other redundant or compensatory mechanisms overcome, at least to some extent, the complete
absence of an important component of the cellular redox system. The absence of NTRC and
NTRA/B is likely, at least to some extent, safeguarded by FTRs and GRs, respectively (Marty,
Bausewein, Miiller, Bangash, Moseler, Schwarzlander, Miiller-Schiissele, et al., 2019; Marty, L.
et al., 2009; Reichheld et al., 2007; Yoshida e Hisabori, 2016a). Furthermore, NTRC is a major
hub of the plastidial redox network, being directly or indirectly connected to proteins from different
redox systems, such as GPX1, tAPX, FTR, GRX, 2-Cys PRX and several TRXs (Souza et al.,
2019a). These results highlight that the presence of numerous redundant and compensatory systems
is an important characteristic of plants, which was likely acquired through gene duplication,
polyploidization, horizontal gene transfer and/or non-random mutations (Bowles, Bechtold e Paps,
2019; Ma et al., 2022; Monroe et al., 2022; Ren et al., 2018).

Plant NTRs are important to maintain the homeostasis of primary metabolism

Despite the strong growth reduction of ntrabc plants, this triple mutant is still viable. This
raises the question on which mechanisms can compensate the absence of all NTRs and if this
mutant have any metabolic reprograming to establish a new redox homoeostasis. To obtain better
insights into these questions, we carried out a metabolite profiling analysis in ntrc, ntrab and ntrabc
plants harvested at the ED and EN. Interestingly, the results showed that both ntrc and ntrabc have
lower level of soluble sugars (glucose and fructose) (Figure 9). Our metabolite profiling analysis
further suggests that the NTR/TRX system plays an important role in redox regulation o nitrogen

metabolism enzymes, since glutamine, aspartate, asparagine and glutamate levels were altered in
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ntrc and ntrabc in ED (Figure 9). It is worth to mention that glutamine and asparagine are the main
inter-compartmental transporters of nitrogen in plants, playing a fundamental role in plant
development (Gaufichon, Rothstein e Suzuki, 2016; Masclaux-Daubresse et al., 2010). The major
pathway of glutamine synthesis is via glutamine synthetase (GS), an enzyme found in cytosol
(GS1), and in chloroplast and mitochondria (GS2) (Taira et al., 2004). Although some in vitro
assays has elected GS as a potential TRX target (Balmer et al., 2004; Ortega, Roche e Sengupta-
Gopalan, 1999), the role of TRX for the regulation of GS and other enzymes of the nitrogen
metabolism remains unclear. The decrease in glutamine levels in all mutants at ED and in ntrc and
ntrabc at EN is an evidence that the GS 1 or GS2 are redox regulated via the NTR/TRX system.
This idea is further corroborated by alteration in the level of (photo)respiration metabolites such as
glycine, glycerate, fumarate, citrate, succinate, malate and glycolate in ntrabc.

Glycine decarboxylase complex (GDC) is one of the main photo-respiratory enzymes in
mitochondria (Reinholdt, Schwab, Zhang, Reichheld, J. P., et al., 2019; Timm et al., 2016). Our
It has been shown that the mitochondrial lipoamide dehydrogenase (mtLPD), a subunit found in
the GDC, pyruvate dehydrogenase, 2-oxuglutarate dehydrogenase and branched-chain 2-oxoacid
dehydrogenase (BCKDC), is deactivated by TRX 0l and TRX h2 in vitro (Fonseca-Pereira et al.,
2019; Reinholdt, Bauwe, et al., 2019). Further evidence on the connection between the NTR/TRX
system and photorespiration comes from results showing that (i) the rate of oxygen inhibition of
photosynthesis was higher in the trxol mutant, when compared to the WT, (ii) the Gly to Ser ratio
was higher in the trxol mutant than the WT when transferred from 1500 ppm to 390 ppm of CO
concentration, and (iii) the activation of Gly-to-Ser conversion catalysed by GDC and serine
hydroxymethyltransferase (SHMT) is slowed down in trxol at onset of illumination (Reinholdt,
Bauwe, et al., 2019; Reinholdt, Schwab, Zhang, Reichheld, J. P., et al., 2019). These results
collectively suggest that the NTR/TRX system plays a key role for the regulation of the nitrogen
metabolism. Future studies are needed to elucidate whether the NTR/TRX system directly regulates
enzymes associated to the nitrogen metabolism or if the change in the level of these compounds is
due to an indirect effect caused by the lack of NTRs. The ntrabc mutant further demonstrated an
increase in the level of several TCA cycle metabolites , which might be related to the NTR/TRX-
mediated regulation of TCA cycle enzymes previously shown (Schmidtmann et al., 2014). Taken
together, our results suggest that the NTR system is very important for the homeostasis of primary
metabolism, given that the lack of all NTRs leads to an extensive metabolic reprogramming.
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The dark side of redox regulation: the lack of NTRs substantially alters redox metabolism,

especially at night

Plant cells have multiple sources of H.O, production and ROS scavenging systems across
the cellular organelles (Smirnoff e Arnaud, 2019). We showed that ntrc, ntrab and ntrabc mutants
have increased leaf H>O> concentration at EN, while no differences among the genotypes were
found at ED (Figures 5a,e). These results suggest that compensatory systems are activated in the
mutants to maintain H>O, homeostasis at ED, which could involve GRs, FTRs, GRXs, GPXs, 2-
Cys PRXs and other components of the large plant redox system (Calderoén et al., 2018b; Marty,
Bausewein, Miller, Bangash, Moseler, Schwarzléander, Miiller-Schiissele, et al., 2019; Marty, L.
et al., 2009; Sousa et al., 2015; Yoshida e Hisabori, 2016a). Although all NTR mutants showed
lower activity of APX and CAT than WT at ED, these differences were more prominent at EN
(Figure 5c,d,g,h). Furthermore, the redox status of ASC/DHA and GSH/GSSG of NTR mutants
was mainly altered at EN (Figure 12). The most drastic changes observed at EN explain the higher
accumulation of H2O: in this period, especially CAT and APX activities and the concentration of
GSSG that were negatively and positively correlated with H2O, concentration, respectively (Figure
13). These results highlight that NTR proteins are important to maintain redox homeostasis of the
cell, especially in the night period, when the ferredoxin-dependent thioredoxin reductase is most

likely inactive (Schurmann e Buchanan, 2008).

Concluding remarks

Our results demonstrate a previously unknown role of NTR proteins to be crucial for the
regulation of leaf primary metabolism. While this was mainly associated to the lack of NTRC, the
additional lack of NTRA and NTRB exacerbated the effects on the redox metabolism. This idea is
based in the fact that the triple ntrabc showed more drastic changes in redox related parameters
compared to WT, ntrc and ntrab, such as the activity of ROS-scavenging enzymes and the

concentration of GSSG at night. Interestingly, during dark-light transitions and in fluctuating light
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the ntrabc triple mutant displayed improved photosynthetic parameters compared to the ntrc single
mutant, indicating functional interactions between plastidial and extra-plastidial NTR isoforms
during short-term light transients. Overall, our study strengthens the idea that NTR proteins act
cooperatively with other redox players, to guarantee the full development of Arabidopsis plants,
while they are crucial for optimal functioning of photosynthesis and (photo)respiratory

metabolism.
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Figure 6- Immunoblot analysis and phenotype of the plants at the reproductive stage. a)
Immunoblot detection of NTRC and NTRA/NTRB proteins was carried out in plant extracts of
two-week-old Arabidopsis thaliana L. wild type (WT) and mutants lacking NTRC (ntrc), NTRA
and NTRB (ntrab) or all NTRs (ntrabc). Proteins were separated by SDS-PAGE (10%
polyacrylamide) under reducing conditions, then transferred to a nitrocellulose membrane, and
incubated with NTRA/NTRB and NTRC antibodies (dilution 1:10.000), followed by incubation
with secondary antibody (Sigma secondary antibody anti-rabbit, dilution 1:10,000). The blots were
then revealed with enhanced chemiluminescence reagents. b) Phenotype of 49-day old WT, ntrab,
ntrc and ntrabc plants grown under 16:8 h photoperiod, highlighting that all mutants were able to
complete their life cycle, from vegetative to the reproductive stage
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Figure 7- Growth and photosynthetic phenotype of Arabidopsis thaliana L. wild type (WT) and
mutants lacking NTRC (ntrc), NTRA and NTRB (ntrab) or all NTRs (ntrabc). a) Visual aspects
of 25-day-old and 32-day-old Arabidopsis rosettes grown under moderate light (ML) or fluctuating
light (FL) conditions, respectively. The setup of ML corresponds to 125 umol photons m2st (12:12
h photoperiod), while FL represents a loop of low light (50 umol photons m2 s for 5 min) and
high light (550 pmol photons ms™ for 1 min) phases with the same photoperiod as ML. b) Growth-
related parameters determined in WT and NTR mutants grown under ML (left graphs) or FL (right
graphs) conditions. After 25 and 35 days under ML or FL conditions, plants were harvested and
the fresh weight, dry weight and plant size were determined. Black, pink, green and purple box
plots represent averages and standard errors of WT, ntrc, ntrab, and ntrabc genotypes, respectively.
Means that do not share a letter are significantly different according to ANOVA and Tukey test
analysis (P < 0.05) (n=6 = SE). c-e) Chlorophyll a fluorescence analysis. Effective quantum yield
of PSII (Y(II)) (c), non-photochemical quenching (NPQ) (d) and the reduction of plastoquinone
pool (1-qL) (e) were measured in WT and NTR mutants grown under 125 pmol photons m?2 s
(12:12 h photoperiod). Dark-adapted leaves were transferred to the image PAM instrument (MAXI
version, WALZ) and subjected to constant light (150 umol photons m2s?) for 20 min (yellow
bars), followed by 10 min in the dark (black bars). The emission of chlorophyll a florescence was
recorded by the image PAM instrument every 30 seconds and used for the calculation of Y(II), 1-
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gL and NPQ. Asterisks indicate time points in which Y(II) and NPQ are statistically different
between ntrc and ntrabc plants by ANOVA and Tukey test (P < 0.05) (n = 6).
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Figure 8- Chlorophyll a fluorescence analysis in Arabidopsis thaliana L. wild type (WT) and
mutants lacking NTRC (ntrc), NTRA and NTRB (ntrab) or all NTRs (ntrabc). Effective quantum

yield of PSII (Y(II)) (a),
guenching (NPQ) (c) wer

the reduction of plastoquinone pool (1-gL) (b) and non-photochemical
e measured in WT and NTR mutants grown under fluctuating light regime

(5 min of 50 pmol photons m2s™ 1 min of 550 pmol photons m?2s™, 12:12 h photoperiod). Dark-
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adapted leaves were transferred to the image PAM instrument (MAXI version, WALZ) and
subjected to low light (50 pmol photons m2s™) followed by 4 cycles of FL comprising 1 min high
light (500 umol photons ms) and 6 min low light (50 pmol photons ms), and then the dark for
another 5 min. The emission of chlorophyll a florescence was recorded by the image PAM
instrument every 30 seconds and used for the calculation of Y(II), 1-gL and NPQ. Asterisks
indicate time points in which Y(II) and NPQ are statistically different between ntrc and ntrabc
plants by ANOVA and Tukey test (P < 0.05) (n = 6).
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Figure 9- Changes in the metabolite profiling of Arabidopsis thaliana L. wild type (WT) and
mutants lacking NTRC (ntrc), NTRA and NTRB (ntrab) or all NTRs (ntrabc). a) Heat map
representation of the changes in the relative abundance of primary metabolites identified by gas
chromatography mass spectrometry (GC-MS) in leaf samples harvested at the end of the day (ED)
and the end of the night (EN) of short-day (125 pmol photons m2s*; 08:16 h photoperiod) grown
plants. The average values of the relative abundance (normalized to Ribitol and fresh weight) were
normalized according to the WT values found at ED and EN and log. transformed (n = 4). Asterisks
(*) indicate values that are significantly different from the WT by the Student's t-test (P < 0.05). b-
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¢) Principal component analysis (PCA) carried out using GC-MS-based metabolite profiling data
of WT, ntrc, ntrab, ntrabc harvest at ED (b) or EN (c). The two main components and the
percentage variation explained by PC1 and PC2 are represented in the axis of the figures. Heat map
and PCA were carried out using MeV and the Metaboanalyst platform, respectively.



End of the day
100
a)
80

o E 60+

Q 2

I 5 40
E a
N ==

0
120
b)
__ 100 a
—i: e
Q; 80
o 60 ab ab
7 % T i = R e
£ 40 [— |—_._—|
2
= 204
0 [
15

t |9

E

Z 104

)< -

o g

< 9 a
2 &

g 2 b

= C
u e
15

T |9

£ a

E N @

-

g E be b
S R —
s
£
E

WT

ntre ntrab

ntrabc

H20,
(nmol mg! FW)

APX sSOoD
(U mg"?' FW min")

(vmol ASC mg' FW min-)

CAT
(mmeol H,O; mg1FW min-1)

End of the night

100

e)
c
80 -
bc
60+ b
h— —
40 -
204
a
o —
120
100 f) a
80 -
ﬁﬂ_ —— b b
b —
= —
20 -
o I
15
9).a
101 [
5_
b b
_—N
0 |——|
15
h)
101 a
=
b b
%1 B /= 2
=
u I
wWT ntrc ntrab ntrabec

70

Figure 10- H.O> concentration and activity of antioxidant enzymes in leaves of Arabidopsis
thaliana L. wild type (WT) and mutants lacking NTRC (ntrc), NTRA and NTRB (ntrab) or all
NTRs (ntrabc) harvested at end of the day (ED) (a-d) and end of the night (EN) (e-h) of short-day
(125 pmol photons m2s; 08:16 h photoperiod) grown plants. H.0, was quantified by the Amplex
red method. The concentration of H.O> and the activities of superoxide dismutase (SOD), ascorbate
peroxidase (APX) and catalase (CAT) are expressed in a fresh weight (FW) basis. Black, pink,
green and purple box plots represent averages and standard errors of WT, ntrc, ntrab, and ntrabc
genotypes, respectively (n =4). Means that do not share a letter are significantly different according

to ANOVA and Tukey test analysis (P < 0.05).
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Figure 11- Concentration of ascorbate (ASC), dehydroascorbate (DHA), the sum of them (ASC +
DHA), and reduced (GSH) and oxidized (GSSG) glutathione in leaves of Arabidopsis thaliana L.
wild type (WT) and mutants lacking NTRC (ntrc), NTRA and NTRB (ntrab) or all NTRs (ntrabc)
harvested at end of the day (ED) (left panel) and end of the night (EN) (right panel) of short-day
(125 umol photons m2s?; 08:16 h photoperiod) grown plants. Black, pink, green and purple box
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plots represent averages and standard errors of WT, ntrc, ntrab, and ntrabc genotypes, respectively
(n =4). Means that do not share a letter are significantly different according to ANOVA and Tukey

test analysis (P < 0.05).
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Figure 12- Redox status of glutathione and ascorbate in leaves of Arabidopsis thaliana L. wild
type (WT) and mutants lacking NTRC (ntrc), NTRA and NTRB (ntrab) or all NTRs (ntrabc)
harvested at end of the day (ED) (left figures) and end of the night (EN) (right figures) of short-
day (125 pumol photons m?s?; 08:16 h photoperiod) grown plants. Genotypes that do not share a
letter within each parameter are significantly different according to ANOVA and Tukey test
analysis (P < 0.05). Abbreviation: ASC, ascorbate; DHA, dehydroascorbate; GSH, reduced

glutathione; GSSG, oxidized glutathione.
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Figure 13- Integrative redox analyses. a-b) Heat map representation of Pearson's correlation
analysis between H,O> and components of the antioxidant system. The correlation analysis was
carried out using data from all genotypes at end of the day (ED) (left figure) and end of the night
(EN) (right figure). Plants were grown under short-day conditions (125 pmol photons m2s?; 08:16
h photoperiod). Asterisks (*) indicate significant correlations (P < 0.05). These analyses were
carried out using the Metaboanalyst platform. c-d) Principal component analysis (PCA) carried out
using redox-related parameters (H202, ASC, DHA, ASC+DHA, ASC (%), DHA (%), GSH, GSSG,
GSH+GSSG, GSH (%), GSSG (%), SOD, CAT, APX) observed in leaves of Arabidopsis thaliana
L. wild type (WT) and mutants lacking NTRC (ntrc), NTRA and NTRB (ntrab) or all NTRs
(ntrabc) harvested at end of the day (ED) (a) and end of the night (EN) (b) of short-day (125 pmol
photons m?2s; 08:16 h photoperiod) grown plants. The two main components and the percentage
variation explained by them are represented in the axis of the figures. PCA was carried out using
the Metaboanalyst platform. Abbreviations: H>O., hydrogen peroxide; ASC, ascorbate; APX,
ascorbate peroxidase; CAT, catalase; DHA, dehydroascorbate; GSH, reduced glutathione; GSSG,
oxidized glutathione; SOD, superoxide dismutase.
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Abstract

The glutamine synthetase (GS)/glutamate synthase (GOGAT) cycle is the main pathway to
assimilate inorganic ammonium into organic molecules, being thus a hub for the nitrogen
metabolism. Recent results suggest that the mitochondrial thioredoxin (mTRX) system can
coordinate the fluxes throughout the tricarboxylic acid (TCA) cycle and associated pathways.
However, it remains unclear how redox-mediated mechanisms regulate the GS/GOGAT cycle.
Here, we carried out several bioinformatics, biochemical, and metabolic analyses to investigate
how the TRX system influence the redox status of GS and how the lack of the major components
of the mTRX coordinates the metabolic fluxes throughout the GS/GOGAT pathway. For this, we
have used plants lacking TRX ol (trxol), TRX h2 (trxh2), or both NADPH-dependent TRX
reductase A and B (ntrab) alongside with the wild type (WT). Substantial metabolic alterations
were observed in leaves of the trxol and ntrab mutants grown under moderate or high-light (HL)
conditions, as compared to the WT. Both trxol and ntrab mutants showed higher **C-enrichment
in glutamate and pyroglutamate derived from *C-pyruvate, suggesting that the mTRX system
restrict the metabolic fluxes from the TCA cycle to the GS/GOGAT pathway in vivo. The protein
content, the activity and the percentage of the reduced band of GS were lower in the trxol mutant,
as compared to the WT. Interestingly, the trxol mutant showed stronger reductions in potential
quantum vyield of the PSII under HL stress, in parallel to higher activities of GS, GOGAT and
glutamate dehydrogenase (GDH) and lower level of glutamate and metabolites associated to the
(photo)respiratory metabolism, when compared to WT under HL. Our results collectively indicate
that the mTRX system regulates the redox status and the metabolic fluxes throughout the
GS/GOGAT pathway, which is important for plant HL stress acclimation.

Key word: Thioredoxin 01, NADPH* thioredoxin reductases, glutamine synthetase, high light

stress, metabolic regulation.
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Introduction.

Due to their sessile lifestyle, plants have developed strategies to avoid or at least to reduce
the effects of constraints environmental conditions (Geigenberger e Fernie, 2014). In this context,
plants possess an unprecedented and complex redox metabolism, made up of humerous enzymes
with signaling, antioxidant and regulatory functions (Mittler et al., 2011; ROWLEY e TAYLOR,
1972). Redox metabolism is governed by oxidative and reductive reactions, which ultimately
control the metabolic fluxes through post-translational modifications (PTMs) of enzymes (Daloso,
Danilo M et al., 2015; Fonseca-Pereira, da et al., 2020; Meyer et al., 2009). Among the redox
mechanisms, thiol switches mediated by thioredoxins (TRXs) and glutaredoxins (GRXs) are
important PTMs that (de)activate enzymes and adjust metabolic fluxes according to the prevailing
environmental and endogenous conditions (Hagglund et al., 2016; Reinholdt, Bauwe, et al., 2019).
For instance, it has been shown that the chloroplastic TRX system is crucial to activate
photosynthetic reactions, being thus a great controller of the leaf metabolism in the light. However,
it is still unclear how the non-chloroplastic TRX system aid plants to acclimate to high light (HL),
which involves the coordination between carbon and nitrogen metabolisms.

TRXs are small ubiquitous proteins with two redox-active cysteine (Cys) residues
separated by a pair of amino acids (CXXC). TRXs are found in all organisms from prokaryotes to
complex eukaryotes (Buchanan, 2017b; Buchanan et al., 2012; Montrichard et al., 2009).
Differently from other organisms, plants have an unprecedented number of TRX isoforms largely
distributed throughout plant cell organelles (Buchanan, Gruissem e Jones, 2015; Geigenberger,
Thormahlen, Daloso, Danilo M., et al., 2017; Schirmann e Buchanan, 2008). In Arabidopsis
thaliana, TRX ol is the most abundant TRX found in the mitochondria (Fuchs et al., 2020b), whilst
TRX h2 was recently found in microsomal fractions (Hou, Lehmann e Geigenberger, 2021). The
activity of these non-chloroplastic TRXs depends on reducing power transferred from NADPH-
dependent TRX reductases (NTR), namely NTRA and NTRB (Reichheld et al., 2007, 2005). It has
been demonstrated that the mitochondrial NTR/TRX system regulates different enzymes of the
tricarboxylic acid (TCA) cycle, such as succinate dehydrogenase (SDH), fumarase (FUM), citrate
synthase, and isocitrate dehydrogenase (IDH), alongside with the mitochondrial alternative oxidase
(AOX) (Daloso et al., 2015; Schmidtmann et al., 2014; Yoshida and Hisabori, 2014). Furthermore,
it has been reported that either TRX ol or TRX h2 can deactivate the mitochondrial lipoamide

dehydrogenase (mtLPD) in vitro, a subunit found in several multi-enzymatic complexes such as
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glycine decarboxylase (GDC), pyruvate dehydrogenase (PDH), oxoglutarate dehydrogenase
(OGDH), and branched-chain 2-oxoacid dehydrogenase (Fonseca-Pereira, da et al., 2020;
Reinholdt, Schwab, Zhang, Reichheld, J. P., et al., 2019). These studies collectively indicates that
that the non-chloroplastic NTR/TRX system acts as a key regulator of the metabolic fluxes
throughout the TCA cycle and associated pathways, providing important insights into the
mechanisms on how the (photo)respiratory metabolism is regulated in light (Fonseca-Pereira, da et
al., 2021). Further studies have recently demonstrated that the metabolic fluxes derived from
glycolysis and the CO> assimilation mediated by phosphoenolpyruvate carboxylase (PEPc) toward
glutamate are restricted by the mitochondrial NTR/TRX system in either illuminated or dark-
exposed leaves(Lima et al., 2021; Porto et al., 2022). This suggests that the mitochondrial
NTR/TRX system acts as a negatively regulator on the fluxes toward glutamate in vivo. However,
despite the recent efforts in unveiling the function of the non-chloroplastic TRX system for the
regulation of the primary metabolism, few studies have deeply investigated how this system
regulates the interplay between carbon and nitrogen metabolisms.

Nitrogen is a fundamental element for plant growth and development (Good, Shrawat e
Muench, 2004; Jones et al., 2005).  Nitrogen fertilization and its assimilation into plant
metabolism has been associated as a key factor for the increased crop yield achieve by the green
revolution (Khush, 2005; Wu et al., 2020). In plants, the glutamine synthetase (GS)/ glutamate
synthase (GOGAT) cycle is the main pathway that incorporates inorganic nitrogen into organic
molecules (Masclaux-Daubresse et al., 2010). Arabidopsis has two GS isoforms, one exclusively
found in the cytosol (GS1) and the GS2, which is dually located in chloroplasts and mitochondria
(McNally et al., 1983; Taira et al., 2004). GS1 and GS2 are encoded by five (GLN1;1-5) and by
an exclusive gene (GLN2), respectively, which are regulated by light and nitrogen availability
(Martinelli et al., 2007; McNally et al., 1983; Oliveira e Coruzzi, 1999). GS is fundamental to
assimilating NH4" from different sources such as primary root nitrogen assimilation, nitrogen
remobilization in sink and source tissues and those released by photorespiration, specifically the
NH," released by the GDC-serine hydroxymethyltransferase (SHMT) complex (Obata et al., 2016;
Taira et al., 2004). The comprehension of the regulatory mechanisms of GS assumes a pivotal
role in engineering the central metabolism design, since it has been shown that the overexpression
of the GS1 gene does not result in a substantially increase in GS activity (Gallais e Hirel, 2004;
Habash et al., 2007). In part, this is because the failure in assimilation of nitrogen through the
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glutamine synthetase, due to the higher ATP demand, which is approximately estimated around
15% of the cellular ATP budget (Seger et al., 2009). Moreover, it has already established that GS
is heavily regulated at gene, transcript, and protein level. At protein level, GS is regulated by
several PTMs, such as phosphorylation, oxidation, tyrosine nitration, and S-nitrosylation, and is
allosterically inhibited by ATP and P, while glutamate activates the enzyme (Finnemann e
Schjoerring, 2000; Melo et al., 2011; Rhee, Chock e Stadtman, 1989; Thomsen et al., 2014). As
the main consequences, despite many works had successfully overexpression GS1, all these
regulators mechanisms served to guarantee that glutamine synthetase activity in the transgenic
plants was maintained at wild-type levels (Sweetlove, Nielsen e Fernie, 2017). In this aspect, gene
editing of proteins/enzymes that act on GS PTMs can play a fundamental role in increasing GS
activity. However, a full comprehension of the agents that act on GS PTMs walk side by side in
engineering GS in the central metabolism edition.

In addition, GS is sensitive to [DTT], being thus a candidate to be regulated by redox-
mediated mechanisms (Choi, Kim e Kwon, 1999). Indeed, previous studies have reported that TRX
could reduce GS in Canavalia lineata and Chlamydomonas reinhardtii in vitro (Florencio, Gadal
e Buchanan, 1993; Tischner e Schmidt, 1982). This idea is further supported by affinity
chromatography (Motohashi et al., 2001; Yoshida et al., 2013), and interactome analysis, which
showed that TRX h3 interacts with GS2 (Souza et al., 2019b). Despite these evidence, how redox-
mediated mechanisms regulate GS isoforms and what is the impact of this to underpin the
metabolic fluxes throughout the GS/GOGAT cycle remains to be determined. Taking this into
account, here we have investigated whether the TRX system can regulate GS activity and the
metabolic fluxes throughout the TCA and the GC/GOGAT cycles. We have carried out several
bioinformatics analyses and an extensive biochemical and metabolic characterization of enzymes
and metabolites associated to the TCA and the GS/GOGAT cycles using Arabidopsis plants lacking
TRX 01, TRX h2 or both NTRA and NTRB.

Material and Methods

Plant material and growth conditions

Arabidopsis thaliana wild-type (WT) and T-DNA insertion mutants lacking TRX h2
(trxh2) (SALK_079507), TRX ol (trxol) (SALK 04279), NTRA (SALK_539152), and NTRB
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(SALK_545978) were collected from SALK collection (http://signal.salk.edu/) and characterized
previously (Daloso, Danilo M et al., 2015; Fonseca-Pereira, da et al., 2020; Reichheld et al., 2007).
The double ntrab mutant was obtained by crossing the single ntra and ntrb mutants (Reichheld et
al., 2007). Seeds were germinated as described previously (Fonseca-Pereira et al. 2019) and sown
in soil containing sand, vermiculite, and organic substrate Topstrato® (1:1:1). Plants were grown
under 120 — 150 umol photons m2s tand grown under short-day photoperiod (8h light: 16h dark),
35-45% of relative humidity, temperature 22-25°C. Rosettes were collected and frozen in liquid
nitrogen for further analysis, as described in the legend of each figure.

We further carried out an experiment subjecting WT and the TRX mutants to a short high-
light (HL) stress treatment. For this, 8-week old plants were grown under the same conditions

described above and later divided into two groups; the control group, which was submitted to a
growth light (GL) condition (120-150 umol photons m™2s™1), and HL stress group, which was

submitted to 550-600 pmol photons m™2 s™*. After 8h under GL or HL, whole rosettes were
harvested and immediately frozen in liquid nitrogen. Samples were stored at -80°C until further

analysis. We used four biological samples per treatment/genotype.

Pulse-amplitude-modulation (PAM) measurements of chlorophyll a fluorescence

In vivo chlorophyll a fluorescence parameters were estimated using DUAL PAM 100 (Halz,
Germany) using fully expanded leaves from WT, trxh2, trxol, and ntrab. The potential quantum
yield of photosystem Il (PSII) (Fv/Fm = (Fm — Fo)/Fm) was estimated from dark-adapted leaves. Fm
and Fo parameters represents the maximum and minimum fluorescence of dark-adapted leaves,

respectively (Genty, Briantais e Baker, 1989).

Bioinformatics analysis

Different bioinformatics approaches were used to investigate whether GS, GOGAT and
GDH are possibly regulated by TRXs. We started searching for conserved Cys residues in amino
acid sequences of these enzymes from different plant species. Amino acid sequences of GS, GDH,

and GOGAT were collected from National Bank Information Biotechnology (NCBI), aligned using
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Clustal W (https://www.ebi.ac.uk/research), and visualized using the GeneDoc software.

Conserved Cys residues in the protein sequences were used to predict possible disulfide bond
formation in the proteins by using the DIANNA 1.1 web server (Ferre & Clote, 2005). DIANNA
algorithm provides a probability of a disulfide bond formation among different Cys residues,

according to a score ranging from 0 (low probability) to 1 (high probability).

Molecular docking

Molecular docking analysis was used to predict protein-protein interaction between GS
isoforms and TRX 01 and TRX h2. The molecular docking is an in silico analysis that provides a
physical interaction among a binder, which for instance can be a peptide or even a complex protein,
and a receptor that usually is a protein. Given that the non-plastidial NTRs do not possess a TRX
domain in their sequences, as the chloroplastic homologous NTRC, it is highly unlikely that NTRs
A and B will directly regulates GS. For this reason, we did not carry out molecular docking analysis
between NTRs and GS isoforms. The TRX ol crystal from Arabidopsis thaliana L. was collected

directly from the protein data bank (PDB; https://www.rcsb.org/). Unfortunately, the protein

crystals from Arabidopsis TRX h2, GS1, and GS2 are not available yet. To overcome this obstacle,
we decided to build protein homologous to these proteins. Firstly, we ran a protein blast
(https://blast.ncbi.nim.nih.gov/Blast.cqi) using Arabidopsis sequences of GS isoforms and TRX h2

as bait to find PDB crystal proteins with a higher degree of similarity with them. Posteriorly, we
used the swiss-modelling platform (https://swissmodel.expasy.org/) to build 3D protein models of
GS isoforms and TRX h2. For this, we used the templates 2d3a for GS2, 7v4h for GS1, and 6x0B
for TRX h2, which represents the homologous protein crystals with higher similarity to each bait.
The models created were evaluated by both QMEAN and GMQE scores (Benkert, Tosatto e

Schomburg, 2008). Posteriorly, we ran a protein-protein docking analysis using two friendly online

docking platforms namely Cluspro (https://cluspro.org/) and haddock

(https://wenmr.science.uu.nl/haddock?2.4) (Kozakov et al., 2013; Vajda et al., 2017; Zundert, van

et al., 2016). Cluspro and haddock use different algorithms to generate different clusters, which
are translated into different forms of interaction between ligand and receptor. These programs
generate two scores namely Z-score (haddock) and lower energy score (cluspro), which define the

best position of the ligand to the receptor. The lower is the values of Z-score and energy score,


https://www.ebi.ac.uk/research
https://www.rcsb.org/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://swissmodel.expasy.org/
https://cluspro.org/
https://wenmr.science.uu.nl/haddock2.4

81

greater is the interaction prediction between ligand and receptor. We used both TRX ol and TRX
h2 3D models as ligands and the 3D models of GS isoforms as receptors. We further ran a protein-
protein docking analysis using TRX h2 3D model and TRX ol crystal with all GS 3D model
subunits using the cluspro platform. In haddock, we ran a docking between the TRX h2 3D model
with one subunit of GS1 and GS2 3D model. We chose the clusters with lower energy and Z scores.
The docking figures were created wusing the Discovery studio 2021 program

(https://www.3ds.com).

GC-MS-based metabolomics analysis

Extraction, derivatization, and gas chromatography coupled to mass spectrometry (GC-
MS) analysis was carried out exactly as described previously (Lisec et al., 2006). Briefly, leaf
samples were powdered using liquid nitrogen, weighed and aliquoted to 2 mL tubes (30-50 mg of
fresh weight per sample). The extraction was carried out by adding 700 pl of pure methanol and
30 ul of ribitol, which is used as an internal quantitative standard. Samples were shaken (10 min,
70 °C, 950 rpm) and centrifuged (10 min, 11,000 g). The supernatant was transferred to a tube (2
mL), where 375 pl of cold chloroform and 750 pl of water were added and later centrifuged (15
min, 10,000 g). Then, 150 ul from the upper (polar) phase was transferred to a tube (1.5 mL) and
dried in a speed vac. Samples were derivatized by adding 40 ul of methoxyamine hydrochloride
(20 mg ml™) dissolved in pure pyridine, shaken (950 rpm, 2 h, 37 °C), and added 70 pl of N-
Methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA). Samples were shaken again for 30 min
under 37 °C and then transferred to glass vials for GC-MS analysis. Chromatograms were analysed
using the Xcalibur 2.1 software (Thermo Fisher Scientific). Metabolite identification was carried

out by using the Golm Metabolome Database (http://gmd.mpimp-golm.mpg.de/) (Kopka et al.,

2005). Peak areas of the mass fragments were normalized based on the fresh weight of the sample,

followed by normalization by the amount of the internal standard (ribitol).

13C-pyruvate labelling experiment

Leaves of 6-week-old A. thaliana plants were detached and the petiole was immediately
submerged in 5 mM MES-TRIS buffer pH 6.15, when another cut was made to avoid embolism.
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Petioles were submerged in the same buffer containing 15 mM [U**C]-pyruvate (Cambridge
Isotope Laboratories) and submitted to light (120-150 pmol m2 s) or darkness for 0, 30, and 60
minutes. After that, leaves were removed from the tubes and immediately frozen in liquid nitrogen,
as described previously (Daloso, Danilo M et al., 2015). Samples were stored at -80°C until further
GC-MS analysis.

The analysis of the chromatograms and the metabolite identification were carried out as
described above. The relative isotopologue abundance (RIA) in fragments obtained from
metabolites of, or associated to, the TCA cycle was carried out as described previously (Lima et
al., 2018). Given that pyruvate degradation by the PDH complex releases two carbons into the
TCA cycle (Le, Lee e Millar, 2021), we have investigated the M2/MO ratio in metabolites of, or
associated to, the TCA cycle. The M2 isotopologue reflects the incorporation of two °C
incorporated into the metabolite fragments, reflecting therefore the two carbons of the acetyl-CoA
that enters the TCA cycle from PDH activity.

Protein extraction and immunoblots

Arabidopsis proteins were extracted from 8-week-old fresh leaves. Around 150 mg of
fresh weight was ground to powder using a mortar with liquid nitrogen. Subsequently, 1ml of
extraction buffer (Potassium Phosphate 100 mM + EDTA 1%) was added to a 2mL tubes
containing grinded samples and then centrifuged at 14,000 g for 15min. The supernatant was
collected and the pellet was discarded. The protein extracts were stored at -80°C until the day of
analysis. Bradford method was used to evaluate the total soluble protein content (Bradford, 1976).
To immunoblot GS detection, leaf protein fractions were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) with 10% acrylamide gel concentration, using 25
ug of protein. After the separation by SDS-PAGE, the proteins were transferred to a nitrocellulose
membrane (Towbin, Staehelin, & Gordon, 1979). The nitrocellulose membrane was incubated with
skinned milk to block unspecific protein binding for 3 hr. After that, the membranes were washed
with TRIS - buffered saline (TBS) containing 1% (w/v) Bovine serum albumin (BSA) and 0.1%
(v/v) Tween-20 TBS buffer and then incubated with the primary antibodies cited above for 12 h.
The membranes were then washed with TBS buffer and incubated with a secondary antibody
(Sigma secondary antibody anti-rabbit, dilution 1:20,000). The blots were revealed by colorimetric
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assay with BCIP/NBT. The protein content was quantified using monoclonal mono-specific
antibodies for both GS isoforms. To quantify the protein level, we made a protein content gradient
(75% and 100%) with WT samples. The protein amount in the mutants was thus quantified based

on the optical density related to the grey gradient.

Enzyme activity analysis

Approximately 200 mg of fresh weight of Arabidopsis leaves from 8-week-old plants was
ground to powder using a mortar with liquid nitrogen. Posteriorly, 1 ml of extraction buffer (TRIS
-HCI 0,2 mM pH 7,8, EDTA 1 mM and MgCl> 1 mM) was added to the mortar and mix with an
aliquot of the sample. The homogenate was centrifuged at 15.000 g at 4°C per 15 min. The resultant
supernatants were used to determine enzyme activity spectrophotometrically. Bradford method was
used to evaluate the total soluble protein content (Bradford, 1976).

GS activity is based on the biosynthesis of y-glutamyl hydroxamate, which uses
hydroxylamine instead of ammonium. The reaction was prepared in a 2 ml tube with the addition
of 200 pL of biological extract, 200 pL of reaction buffer (TRIS - HCI 0.2 M pH 7.8), 200 pL of
0.4 M sodium glutamate, 100 uL of 80 mM ATP and 100 pL of 0.2 M MgSOQa. The reagents were
incubated at 35 °C for 2 min. After that, 100 puL of hydroxylamine was added to the enzymatic
extract. After 6 minutes, the samples were taken from the thermo-mixer and 500 pL of FeClswas
added. Subsequently, the extract was centrifuged at 14,000 g for 10 min at room temperature to
precipitate proteins. The absorbance was measured at 540 nm. GS activity was calculated through
the standard curve of y-glutamyl hydroxamate (GGH) being expressed by GGH pmol FW! mg
Prot? h' (Hirel e Gadal, 1980; O’Neal e Joy, 1974).

The activity of glutamate dehydrogenase (GDH) and glutamate synthase (GOGAT) are
based on NADH oxidation being monitored by UV spectrophotometer at 340 nm (Matoh, Ida e
Takahashi, 1980). The difference between GDH and GOGAT is based on the composition of
reaction buffers. The reaction buffer for GDH is composed by TRIS - HCI 62.5 mM pH 7.4 + a-
ketoglutarate 8.75 mM + ammonium chloride 12.5 mM (Kwinta e Bielawski, 1998), while the
GOGAT reaction buffer is composed by TRIS - HCI 625 mM pH 7.4 + 25 mM EDTA + 12.5 mM
glutamine + 25 mM a-ketoglutarate. The reaction began with the addition of 1600 pL of reaction
buffer, followed the addition of 200 pL of biological extract and 200 pL of 2.5 mM NADH. The
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reaction is monitored at 340 nm during 6 min. Both GDH and GOGAT activity are expressed by
umol FW™ mg Prot? ht,

GS redox status

Frozen samples were ground to a powder in liquid nitrogen and proteins were precipitated
with 10% (v/v) trichloroacetic acid. The samples were incubated on ice for 20 min followed by
centrifugation at 16,200 g at 4°C for 10 min. The pellets were washed with acetone, collected in
alkylation buffer (2% SDS, 50-mM TRIS - HCI, pH 7.8, 2.5% glycerol, and 4 M urea) with 10-
mM methyl-maleimide polyethylene glycol (MM-PEG24) and incubated for protein thiol alkylation
at room temperature for 20 min (Naranjo et al., 2016). The protein extracts were separated by SDS-
PAGE (15% polyacrylamide), transferred to a nitrocellulose membrane (Towbin, Staehelint e
Gordon, 1979), and incubated with skinned milk to block unspecific protein binding for 3 hr. The
protein content was quantified using monoclonal monospecific for both GS isoforms (1 and 2)
antibodies (1:2,000). Posteriorly, the membranes were washed with TBS buffer and then incubated
with the primary antibodies cited above for 12 hr. After that, the membranes were washed with
TBS buffer and incubated with secondary antibody for 3 hours (Sigma secondary antibody anti-
rabbit, dilution 1:20,000). The blots were revealed by BCIP/NBT. Blot images were taken using
the Major Science gel photo-documentation system and quantified by SmartView Pro 1200 Imager
System Version 1.0.03 program. The intensities of both oxidized and reduced protein bands were
quantified based on an optical density gradient. The results are demonstrated as the intensity of
each oxidized and reduced band as well as the ratio between them within each genotype,
normalized by the fresh weight (FW) used in the gel shift protein extraction.

Statistical analysis

Significant differences between mutants and the WT were determined by Student's t-test
(P < 0.05) or by analysis of variance (ANOVA) followed by Tukey’s test (P < 0.05). Metabolite
profiling data were analysed by principal component analysis (PCA) using the Metaboanalyst

platform (Chong, Wishart e Xia, 2019). Heat maps were created using the MeV 4.9.0 software.
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Results
Bioinformatics analysis suggests that GS, GDH and GOGAT are redox regulated by TRXs

We have previously shown that bioinformatic analysis is a prominent approach to raise
proteins that are possible TRX targets (Daloso, Danilo M et al., 2015; Fonseca-Pereira, da et al.,
2020, 2021). We then decided to investigate whether enzymes of the nitrogen metabolism have
conserved Cys residues in their amino acid sequence, form disulfide bonds and can interact with
TRXs. Interestingly, all GS1 Arabidopsis isoforms own conserved Cys residues, especially on 91,
160, and 179 Cys residues, with exception of the GLN1.2 sequence that possess a Ser instead of
Cys residue at the 179 amino acid (Figure supplementary S1). The alignment between GS1 and
GS2 sequences from Arabidopsis and other plant species demonstrated that several Cys residues
are conserved between different plant species (Figure S2 and S3). Similarly, we identified several
conserved Cys residues on GOGAT and GDH sequences between Arabidopsis and different plant
species (Figure S4 and S5).

We next decided to investigate which of these Cys residues from Arabidopsis GS, GDH
and GOGAT amino acid sequences may form a disulfide bond by using the Dianna web server
platform. Our results demonstrated that four out of five GS1 isoforms (GIn1;1, GInl;2, GInl;3,
GIn1;4) have Dianna scores below 0.2, which indicates a low probability to forming a disulfide
bond among two Cys residues. In contrast, GS1 (GIn 1:5) and GS2 had high probability to form a
disulfide bond between the Cys pairs 92-228 (score > 0.99) and 150-306 (score > 0.97),
respectively (Table 1). Both GDH isoforms (1 and 2) and the GOGAT (GLU 1) amino acid
sequence have Dianna score higher than 0.97 between different pair of Cys residues, suggesting
that these sequences also have high probability of disulfide bond formation. These results suggest
that GS, GOGAT, and GDH can be redox regulated and highlights which Cys residues may form
disulfide bonds.

Molecular docking analysis suggests that GS isoforms interact with TRXs 01 and h2

Molecular docking is a well-established in silico analysis widely used in biochemical
studies (Attique et al., 2019; Kurkcuoglu et al., 2018; Soni e Madhusudhan, 2017), but rarely
explored to identify proteins that interact with TRXs. We then used molecular docking to predict
protein interactions between TRX h2 and TRX o0l with GS isoforms. We first ran a molecular
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docking using the TRX 01 crystal and TRX h2 model as ligands (Table S2) and GS1 and GS2 as
receptors using two friendly docking platforms, namely haddock and Cluspro platforms. Both
haddock and cluspro platforms build clusters based in different possible interactions between the
receptor and the ligand and provide two scores, the lower energy score (Cluspro) and the Z-score
(Haddock). Lower scores indicate the best position of interaction between the receptor and the
ligand. We then chose the clusters with the lowest Z and energy scores (Tables S3 and S4).
Interestingly, the molecular docking built in both platforms shows an interaction between TRX
01/h2 and GS isoforms (Figures S6-S8). It is worth mentioning that the docking between TRX
01/h2 and GS1 showed that both TRXs were close to 228 Cys residues. On the other hand, the
docking between the TRX 01/h2 and GS2 showed that the TRXs are closer to 306 Cys residues.
Both 228 Cys in GS1 and 306 in GS2 were predicted to form a disulfide bridge according to Dianna

web server platform (Table 1).

Leaf metabolic alterations induced by the lack of TRX 01, TRX h2 and NTRA/B

We next carried out a metabolite profiling analysis in leaf samples harvested at the end of
the day (ED) and at the end of the night (EN) using a well-established GC-TOF-MS platform (Lisec
etal., 2006, 2015). Principal component analysis (PCA) indicates that both the trxol and the double
ntrab mutants have stronger metabolic alterations rather than the trxh2 mutant, when compared to
the WT in both EN and ED conditions (Figures 14a-b). This is corroborated by hierarchical
clustering analysis (HCA), which showed that the metabolic changes observed in the double ntrab
mutant are more similar to the trxol rather than the trxh2 (Figure 15). The lack of TRX o1, TRX
h2, and NTRA/B substantially altered the level of amino acids, organic acids and sugars, especially
at ED. These changes were more drastic in the double ntrab mutant, in which seventeen out of the
thirty-one metabolites identified were significantly different from the WT (Figure 15). All mutants
have higher content of valine, leucine and homoserine than the WT at ED. Metabolites of, or
associated to, the (photo)respiratory metabolism such as glycine, serine, glycerate as well as those
from the TCA cycle (citrate, malate, succinate and fumarate) showed significant difference in at
least one of the mutants in either ED or EN. Moreover, the lack of TRXs directly affects the level
of metabolites from the nitrogen metabolism. For instance, lower level of proline was found in both

trxol and ntrab at ED, while tyrosine was lower only in the trxol, as compared to the WT at ED.
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The level of glutamine increased in the ntrab at ED and decreased in trxol in both ED and EN,
when compared to the WT. Additionally, in ED the level of glutamate was substantially higher (up
to 33 and 85-fold) in both trxol and ntrab, when compared to the WT (Figure 15). This result
indicates that the level of glutamate and glutamine is substantially altered in NTR/TRX mutants,
in agreement with our previous studies (Daloso, Danilo M et al., 2015; Fonseca-Pereira, da et al.,
2020; Lima et al., 2021).

The lack of the mitochondrial NTR/TRX system increase the fluxes from pyruvate to

glutamate in both dark and light-exposed leaves

Our metabolite profiling analysis suggests that the fluxes toward glutamate/glutamine are
altered in the NTR/TRX mutants. However, it is important to highlight that changes in metabolite
content does not necessarily correlates with changes in metabolic fluxes, and vice-versa (Williams
et al., 2008). We then decided to investigate whether the lack of TRX 01, TRX h2, or NTRA/B
alter the metabolic fluxes from the TCA cycle toward glutamate. It is noteworthy that the tracer
(*3C-labelled substrate) to be used and the conditions in which plant tissues will be submitted are
two critical steps in $3C-metabolic flux analysis (**C-MFA) (Lima et al., 2018). Previous *C-MFA
demonstrated that the fluxes throughout the TCA cycle and glutamate synthesis are inhibited in the
light (Abadie et al., 2017a; Gauthier, Paul P G et al., 2010; Szecowka et al., 2013). Among the
mechanisms that aid to explain the light-inhibition of these metabolic pathways, it is well-known
that the activity of pyruvate dehydrogenase (PDH) represents an important limiting point, given
that this enzyme is inhibited by phosphorylation in the light (Tovar-Méndez, Miernyk e Randall,
2003; Zhang et al., 2021). Taking these points into account, we then performed the *C-labelling
experiment using uniformly 3C-labeled pyruvate ([U*3C]-pyruvate) as tracer in leaves subjected
to either dark or light conditions.

PDH converts pyruvate (three carbons) into acetyl-CoA (AcCoA) (two carbons), releasing
amolecule of CO2. ACCoA is substrate for a wide range of metabolic pathways, including the TCA
cycle (Souza, de et al., 2020) (Figure 16a). We then followed the *C-distribution derived from
PDH by analyzing the ratio between M2 and MO isotopologues (M2/MO) in glutamate and
metabolites of the TCA cycle (Figure 16a). The intensity of the M2 isotopologue represents
metabolite fragments with the addition of two *C-labelled carbons, while MO indicates fragments
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with the natural *C abundance (Figure 16b). Thus, increases in the M2/MO ratio, compared to the
time 0 of each genotype (i.e. samples not subjected to 3C-labelling), indicates increased **C-
metabolic fluxes toward the correspondent metabolite. No significant alteration in citrate and
fumarate M2/MO ratios was observed in either dark-exposed or illuminated leaves from all
genotypes (Figures 17a-b). Similarly, no increase in M2/MO ratio was observed in malate in WT,
trxh2 and ntrab under either dark or light conditions, while trxol showed higher M2/MO ratio after
60 min in the dark (Figure 17€). Despite these slight changes in the **C-enrichment in TCA cycle
metabolites, substantial increases in M2/MO in glutamate and pyroglutamate were observed in the
mutants, especially in trxol and ntrab, while no increases in this ratio was observed in WT (Figure
17c-d). For instance, we observed an increase in the glutamate M2/MO ratio in leaves of trxol and
ntrab after 60 min of dark or light exposure. The pyroglutamate M2/MO ratio increased in trxh2
after 30 min of darkness, in trxol after 30 min of illumination, and in ntrab after 60 min of darkness

or illumination (Figure 17c-d).

The activity of GS/IGOGAT cycle enzymes are altered in plants lacking NTRA/B, -TRX h2
or TRX ol

The metabolic results of NTR/TRX mutants showed substantial alterations in metabolites
associated to the GS/GOGAT cycle, which can be due to modifications at enzyme activity level.
We then next investigated whether the activity of key GS/IGOGAT cycle enzymes namely GS,
GOGAT and GDH are altered in samples harvested at ED and EN. The activity of GOGAT was
lower in all mutants, while GS was lower in trxh2 and trxol, and GDH was lower in trxol and
ntrab, when compared to WT at ED (Figure 18a-c). In addition, at EN the activity of GS was lower
in all mutants, while both GDH and GOGAT activities were higher only in trxol, when compared
to the WT (Figure 18d-f).

The content of GS1 and GS2 proteins are lower in illuminated leaves of the mutants
Our previous bioinformatics, biochemical and metabolic analyses strongly suggest that

GS may be redox regulated by TRXs. We next performed different biochemical analysis to deeply
investigate this hypothesis. We first carried out a western blot analysis in leaf proteins harvested at
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ED and EN, using specific antibodies for GS1 and GS2 isoforms. All mutants showed lower GS1
and GS2 contents at ED, when compared to WT (Figures 19a-c). At EN, the protein content of GS1
was higher and lower in trxol and ntrab mutants than the WT, respectively (Figure 19d). We did
not detect any signal of GS2 at EN neither in WT nor in the mutants, which is likely associated to

the dark-mediated protein degradation of GS2 (Figure 19e) (Oliveira e Coruzzi, 1999).

The redox status of GS is altered in the NTR/TRX mutants

GS is known to be sensitive to DDT concentration, a well-described reductant agent
(Choi, Kim e Kwon, 1999). However, neither the changes in the activity nor in the content of GS
found in the NTR/TRX mutants guarantee that the redox status of GS was altered. Thus, to obtain
better insights on the mechanisms by which TRX regulates GS, we next investigated whether the
absence of TRX 01, TRX h2, and NTRA/B altered the redox status of GS by carrying out a gel
shift analysis in leaf protein samples harvested at ED and EN. We have used mmPEG24 as an SH
group marker agent, which increase the molecular weight (MW) of the labelled (reduced) proteins
by covalent pegylation of the Cysteine residues. Given this increase in the MW caused by the
mmMPEG24 and the similarity between the MW of GS1 and GS2 isoforms, the reduced band of GS1
ends overlapping with the reduced band of GS2, not enabling the distinction of these isoforms in
the gel shift analysis (Figure 20a). This analysis reflects therefore the redox status of GS, except at
night in which the GS2 protein was not detected (Figure 20e). The percentage of reduced and
oxidized GS bands were higher in both trxh2 and ntrab and lower in trxol at ED (Figures 20b-c).
However, the ratio between reduced to oxidized bands was lower only in the trxh2 mutant at ED
(Figure 20d). Interestingly, trxh2 and trxol mutants also showed higher and lower percentage of
both reduced and oxidized GS bands at EN, respectively, as compared to the WT. The ntrab showed
lower percentage of the reduced GS band at EN, while no difference was observed in the oxidized,
as compared to the WT (Figures 20e-f). The reduced to oxidized ratio of GS bands was higher in
trx h2 and lower in ntrab, as compared to the WT at EN (Figure 20g). These results indicate that
the redox status of GS is altered in the NTR/TRX mutants, which could be associated to a direct
effect of the lack of NTR/TRXSs, suggesting a direct involvement of TRXs in the regulation of GS,

or, alternatively, by an indirect effect caused by disruption in the homeostasis of redox metabolism.
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High light stress-mediated changes in nitrogen metabolism depends on the mitochondrial
NTR/TRX system

Our results provided compelling evidence indicating that the absence of NTR/TRXs
substantially alter the nitrogen metabolism. However, it remains unclear what is the physiological
relevance of the NTR/TRX-mediated regulation of the GS/GOGAT metabolic pathway. Given the
importance of this pathway as a sink to the excess of reducing power originated from high-light
(HL) stress periods (Brestic et al., 2014; Guilherme et al., 2019), we then subjected the genotypes
investigated here to a short (08 h) HL stress period. Plants were grown under a short photoperiod
(08:16 h light/dark) and ~120 umol photons m s for 8 weeks and then subjected to 08 h of HL
(~550 umol photons m2 s™1), from the beginning until the end of the day (ED). The HL treatment
corresponds therefore to one day of HL. HL-stressed plants were compared to plants harvested at
the end of the night (EN), i.e. before the start of the HL stress treatment, and with plants also
harvested at ED but subjected to 08 h of grown light (GL, ~120 umol photons m™2s™?) condition.
The impact of the HL stress was evaluated at physiological, biochemical and metabolic levels.

HL stress imposition reduced the potential quantum yield of the photosystem Il (PSII)
(Fv/Fm) only in trxol and trxh2 mutants (Figure 21a). As expected, HL stress leads to a higher GS
activity in WT leaves. Similar increase was observed in trxh2. Interestingly, trxol showed the
highest HL-mediated increase in GS activity and the ntrab showed much higher GS activity than
the WT under GL, which was maintained high under HL (Figure 21b). By contrast to GS, the
activity of GOGAT was substantially reduced in WT leaves under HL stress. GOGAT activity was
lower under GL and unresponsive to HL in all mutants (Figure 21c). No changes in GDH activity
were observed in WT and ntrab, while it decreased in trxh2 and increased in trxol in response to
HL. The trxol mutant showed the highest GDH activity under HL. These analyses indicate that HL
stress greatly affect the activity of GS/GOGAT related enzymes, with a stronger impact in the trxol
mutant.

PCA using metabolite profiling data from plants harvested at EN and ED under GL and HL
conditions highlights that the HL-induced changes in primary metabolism were more drastic in WT
and in the double ntrab mutant, as indicated by the clearest separation of the ED-HL from EN and
ED-GL samples in these genotypes (Figure 22). However, when the data of ED-GL and ED-HL
are normalized by the values found at EN in each genotype, we observed that the changes in trxol

and ntrab are very similar to each other, as demonstrated by the HCA (Figure 23). Several
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metabolites related to the (photo) respiratory and the nitrogen metabolisms presented an opposite
behavior in trxol and ntrab, compared to WT. For instance, while the levels of homoserine,
glycerate, serine, fumarate, glutamate and tryptophan were higher in WT after HL stress, as
compared to ED-GL WT samples, they were lower in both trxol and ntrab, when compared to ED-
GL samples of each genotype (Figure 23). PCA using this normalized data showed that trxol and
ntrab were clearly separated from the WT by the PC1 (Figure 24). Biplot analysis of the PCA
highlighted that the HL-induced accumulation of glutamate in the WT is the main responsible for
the distinction between the WT and trxol and ntrab mutants (Figure 24). This analysis further
highlighted that proline and pyruvate also contributed to the separation between WT and trxol, as
indicated by the arrows toward trxol (Figure 24b). Intriguingly, the level of proline decreased only
in the WT after HL (Figure 25) and was negatively correlated with glutamate in the WT, trxh2 and
trxol (Figure 25). Furthermore, several metabolites were positively correlated with glutamate in
the mutants, while none was positively (P <0.05) in the WT and glutamate was negatively correlated
with pyruvate and alanine only in the WT (Figure 25). These results suggest that the mitochondrial
NTR/TRX system is important to modulate the connection between carbon and nitrogen

metabolisms, which is important for plant HL acclimation.

Discussion

The green revolution was characterized by substantial increases in crop yield, which was
especially due to the advances in plant nitrogen fertilization (Evans e Lawson, 2020). However,
the overuse of nitrogen fertilizers is harnessing natural environments. Finding environmental
friendly strategies to improve plant nitrogen use efficiency assumes therefore a paramount
importance to maintain or improve crop yield at lower cost for the environment (Wagas,
Hawkesford e Geilfus, 2023). At the plant metabolism point of view, nitrogen assimilation depends
on the reactions of, or associated to, the GS/IGOGAT cycle (Liu, Hu e Chu, 2022). It is thus
reasonable to hypothesize that the establishment of new crop cultivars and the development of
environmental friendly strategies for crop cultivation in the current climate change scenario will
likely depends on our fully understanding regarding the functioning of this cycle (Hirt et al., 2023;
Lietal., 2018). However, how the metabolic fluxes throughout the GS/GOGAT cycle are regulated
remains not completely understood, which is in part associated to the complex regulation of its
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constituent enzymes (Sweetlove, Nielsen e Fernie, 2017). For instance, GS is known to be regulated
by several transcriptional and post-translational mechanisms, including reduction by DTT, a well-
established reductant agent (Choi, Kim e Kwon, 1999). This suggests that GS is redox regulated
by redoxins. Indeed, recent results highlight that GS possess several biochemical characteristics
such as the presence of conserved Cys residues in their amino acid sequences and a high probability
to form disulfide bonds that makes this enzyme a potential target of TRXs (Porto et al., 2022).
Furthermore, the accumulation of glutamate and glutamine was altered in NTR/TRX mutants
(Fonseca-Pereira, da et al., 2020; Lima et al., 2021; Porto et al., 2022), strengthening the idea that
this pathway is redox regulated by the TRX system. Here, we carried out an extensive metabolic
and protein characterization to better understand the role of the NTR/TRX system for the regulation

of the GS/IGOGAT cycle and its importance for plant high-light (HL) stress acclimation.

Bioinformatics analyses strongly suggest an important role of NTR/TRXs in the regulation

of nitrogen metabolism enzymes

Arabidopsis GS is a homo octameric isozyme with a native molecular weight of
approximately 320 and 380 kDa for the cytosolic (GS1) and mitochondria/chloroplastic (GS2)
isoforms (LEA et al., 1990). Beyond being sensitive to DDT and FeCls, which per se strongly
suggest that GS be redox regulated (Choi, Kim e Kwon, 1999; Ortega, Roche e Sengupta-Gopalan,
1999), previous in vitro assays in Canavalia lineata and Chlamydomonas reinhardtii demonstrated
that the activity of GS and GOGAT were higher in the presence of TRXs plus DDT (Choi, Kim e
Kwon, 1999; Florencio, Gadal e Buchanan, 1993; Tischner e Schmidt, 1982). TRX affinity
chromatography studies have also proposed that GDH and GOGAT are TRX targets (Balmer et
al., 2004; Motohashi et al.,, 2001; Yoshida et al., 2013). Here, we have used different
bioinformatics approaches and demonstrated that both GS isoforms, GOGAT, and GDH own
conserved Cys residues in different plant species. We further demonstrated that GS1 and GS2 have
high probability to form disulfide bonds among 92-228 and 150-306 Cys residues, respectively.
Interestingly, our TRX 01/h2-GS1/2 molecular dockings demonstrated that both TRX 01 and h2
were close to 228 Cys residue of GS1 and 306 Cys residue of GS2, both Cys residues were
predicted to form a disulfide bridge through Dianna web server. In addition, GOGAT (GLU1) and
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GDH isoforms also demonstrated a high probability to form disulfide bonds (Table S1). Our results
coupled to previous reports suggest that GS, GOGAT and GDH are likely regulated by TRXs.

The mitochondrial NTR/TRX system regulates the interplay between carbon and nitrogen

metabolisms

Plant carbon and nitrogen metabolisms are closely linked, and the synergistic dependence
of both metabolisms is essential for plant growth, development and abiotic stress acclimation
(Fernie e Morgan, 2013; Lehmann et al., 2015; Szal e Podgorska, 2012). The synthesis of amino
acids strongly depends on carbon skeletons derived from glycolysis and the TCA cycle, which
makes the respiration process a hub for the interplay between carbon and nitrogen metabolisms
(Hildebrandt et al., 2015). In this context, it has been shown that the mitochondrial NTR/TRX
system is an important player for the regulation of the metabolic fluxes throughout the TCA cycle
and associated pathways (Daloso, Danilo M et al., 2015; Fonseca-Pereira, da et al., 2020; Lima et
al., 2021; Porto et al., 2022; Reinholdt, Schwab, Zhang, Reichheld, J. P., et al., 2019). However,
the precise elucidation of the specific role of TRX isoforms has been a great challenge in plant
biology, mainly due to the high number of TRX isoforms and the presence of other compensatory
redox mechanisms found in plants (Schwarzléander e Fuchs, 2019; Souza, Paulo V L et al., 2018).

In the last decade, extraordinary efforts have been made to elucidate the role of the non-
chloroplastic NTR/TRX system (Daloso, Danilo M et al., 2015; Fonseca-Pereira, da et al., 2020;
Meyer et al., 2012), especially for the regulation of two important metabolic pathways namely
photorespiration and respiration. Mitochondria has two TRX o isoforms (01 and 02), while the
exact TRX h2 sublocalization is still uncertain. Previous studies suggested that TRX h2 would be
located at the mitochondria in Arabidopsis and Populus trichocarpa (Gelhaye et al., 2004; Meng
et al., 2010), and also associated with the endoplasmic reticulum (ER)-Golgi membrane system in
Arabidopsis (Traverso et al., 2013). However, recent cell fractionation and immunoblot analyses
demonstrated that TRX h2 is found at the microsomal fraction (Hou et al., 2021). This suggests
that TRX h2 is found in the endomembrane system rather than mitochondria or cytosol. However,
previous studies highlight that certain metabolic changes are similar between trxh2 and trxol
mutants (Hou et al., 2021), as also observed here (Figure 15). Thus, although these proteins are
probably located in different cell compartments, they share some mechanism in the redox control
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of primary metabolism, which can be associated to similar alterations in in the metabolism of other
redox players such as NAD(P)(H), ROS, glutathione and ascorbate (Hou et al., 2021). However,
our results indicate that TRX o1 rather than TRX h2 has greater influence on the regulation of
GS/GOGAT pathway, especially in illuminated leaves.

In the presence of light, the chloroplastic TRX system acts as positive regulators of
photosynthetic enzymes (Buchanan, 2016b; Yoshida e Hisabori, 2021). On the other hand,
respiration is partially inhibited in the light, which seemingly involves the inactivation of enzymes
mediated by the non-chloroplastic NTR/TRX system and other transcriptional and post-
translational mechanisms (Fonseca-Pereira, da et al., 2021). For instance, it has been reported that
the PDH complex is inhibited by phosphorylation in the light (Kromer, 1995; Zhang et al., 2021)
and that the mtLPD, a subunit shared by several enzymatic complexes including PDH, GDC and
OGDH, is deactivated by TRX h2 and TRX o1 in vitro (Fonseca-Pereira, da et al., 2020; Reinholdt,
Bauwe, et al., 2019). In this scenario, the light-triggered inhibition of PDH decreases the
conversion of pyruvate into acetyl-CoA (AcCoA) and thus the input of carbons into the TCA cycle
via this pathway. The synthesis of glutamate highly depends on carbons derived from the TCA
cycle (Calderon e Mora, 1989; Fontaine et al., 2012). Thus, plants have alternative mechanisms
such as the entrance of carbons from previously stored citrate and the activities of alanine amino
transferase and malic enzyme that converts alanine and malate into pyruvate inside the
mitochondria, respectively (Le et al., 2022; Le, Lee e Millar, 2021; Le e Millar, 2022) (Figure 16).
These mechanisms collectively contribute to overcome the PDH-inhibition barrier and maintain
the C6-branch of the TCA cycle running, which leads to the synthesis of 2-oxoglutarate (2-OG),
the immediate substrate of the GS/IGOGAT cycle (Abadie et al., 2017b; Tcherkez et al., 2012).
Our results showed that the level of glutamate is substantially increased in both trxol and ntrab
mutants (Figure 15), highlighting that the mTRX system is key for the connection between carbon
and nitrogen metabolisms.

It has been previously shown that succinate dehydrogenase (SDH) and fumarase (FUM) are
inhibited by TRX ol in vitro, while citrate synthase and isocitrate dehydrogenase (IDH) are
activated by TRX ol (Daloso, Danilo M et al., 2015; Noguchi e Yoshida, 2008; Schmidtmann et
al., 2014). As expected, the level of TCA cycle metabolites such as citrate, fumarate, malate, and
succinate were substantially altered in both trx 01 and ntrab mutants, further strengthening the role
of TRX 01 and NTRA/B in controlling the metabolic fluxes throughout the TCA cycle. Moreover,
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it was recently demonstrated that the fluxes from 3C-glucose and the PEPc-mediated **C-HCO3
assimilation toward glutamate and glutamine, respectively, are higher in illuminated leaves of the
trxol mutant than the WT (Lima et al., 2021; Porto et al., 2022). Here, our *3C-pyruvate labelling
experiment demonstrated that the M2/MO ratio of glutamate have increased in dark-exposed and
illuminated leaves of both trxol and ntrab mutants over time, and this was not observed in WT or
trxh2 mutant (Figure 17). The lack of increases in the $3C-enrichment in glutamate in the WT could
be explained by the inhibition of the PDH and/or by the time of labelling (60 min), given that longer
time (240 min) under [U*3C]-pyruvate was sufficient to label glutamate in illuminated Arabidopsis
leaves (Daloso, Danilo M et al., 2015; Lima et al., 2021). By contrast, the increase in M2/MO ratio
of glutamate and pyroglutamate in trxol and ntrab suggests that the mitochondrial NTR/TRX
system restrict the flux from pyruvate to glutamate in vivo in both dark and light conditions, as
previously suggested (Porto et al., 2022). Our results collectively indicate that the mitochondrial
NTR/TRX system plays an important role in regulating the TCA cycle-derived carbon flux toward
glutamate synthesis.

Redox regulation of enzymes associated to glutamate metabolism

GS has two isoforms with distinct physiological roles (Gaufichon, Rothstein e Suzuki,
2016). The mitochondrial and chloroplastic GS2 has been described to play an essential role in the
assimilation of the NH4" released by the GDC complex (Taira et al., 2004), while the cytosolic
GS1 is important to maintaining the nitrogen remobilization to sink organs and during senescence
(Ishiyama et al., 2004; Masclaux-Daubresse et al., 2010). The absence of GS2 leads to severe
deleterious effects, being lethal to some plant species (Hachiya et al., 2021; Wallsgrove et al.,
1987), while plants lacking GS1 causes severe growth impairment (Guan, Mgller e Schjoerring,
2015; Oliveira e Coruzzi, 1999). It is clear therefore that these isoforms are highly important for
plant growth and that their function goes beyond NH." assimilation (Liu, Hu e Chu, 2022).
Understanding the mechanisms by which GS is regulated is key for plant metabolic engineer
(Sweetlove, Nielsen e Fernie, 2017). Here, our data strongly suggests that GS is directly or
indirectly regulated by TRXs, especially under illuminated conditions. Evidence supporting this
idea are several folds. First, the protein content of both GS1 and GS2 decreased in all mutants at
ED (Figures 19b-c). Second, GS activity was lower in both trxol and trxh2 mutants, compared to
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the WT at ED (Figure 18a). Third, the redox status of GS was substantially altered in all mutants
(Figure 20). Intriguingly, however, the intensity of the reduced band of GS was higher in trxh2 and
ntrab and lower in trxol mutants, when compared to the WT at ED (Figure 20a). This result per se
suggests that TRX ol and TRX h2 would act activating and deactivating GS in vivo. This
antagonistic role of TRX 01 and TRX h2 has also been observed in the regulation of fumarase
(FUM), in which the addition of TRX h2 and TRX ol to the enzymatic assay increased and
decreased the activity of FUM (Daloso, Danilo M et al., 2015). However, a more complex picture
raises in the case of GS, given that the changes in the redox status do not explain the activity in the
mutants, which could be associated to a yet not understood mechanism present in the mutants.

Another intriguing response is the increase in the intensity of the reduced band in the ntrab
double mutant at ED, but not at EN (Figure 20a). NTRA and NTRB are enzymes found in nucleus,
cytosol and mitochondria (Bashandy et al., 2010; Meyer et al., 2008; Mgller e Rasmusson, 1998).
Despite the importance of NTRA and B in reducing (activating) non-chloroplastic TRXs, it has
been reported that glutathione reductases (GR) can compensate the lack of these two NTRs (Marty,
Bausewein, Miiller, Bangash, Moseler, Schwarzlander, Miiller-Schiissele, et al., 2019; Marty, L.
et al., 2009; Reichheld et al., 2007). This could explain the increase in the reduced band of GS in
the ntrab double mutant, in which another compensatory mechanism (e.g. GRs) could compensate
the lack of the non-chloroplastic NTRs. However, the reduced band is lower at EN in the ntrab
double mutant, similar to the observed in the trxol mutant (Figure 20e). Given that the gel shift
analysis did not discriminate GS isoforms, thanks to the superposition of the oxidized and reduced
bands of GS1 and GS2, our results suggest that GS could be differentially regulated according to
its location in the cell or with the prevailing environmental condition. Further proteomics and
enzymatic analyses using isolated GS isoforms are now needed to better understand its redox
regulation.

Our results further showed that the activities of GS, GOGAT and GDH were lower in trxol
than the WT at ED, while GS was lower and both GOGAT and GDH were higher in trxol than the
WT at EN (Figure 16). The activity of these enzymes collectively modulates the level of 2-OG,
Glu and GIn. The trxol mutant had higher and lower levels of Glu and GlIn at ED. This could be
associated to a lower conversion of Glu to 2-OG and GIn to Glu, given that the decrease in the
activity of GDH and GOGAT was more severe (44% and 28%, respectively) than the decrease in
GS (22%) in this mutant at ED, when compared to the WT. The higher content of glutamate in the
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trxol could be also explained by a higher availability of 2-OG, which is in turn explained by the
higher metabolic fluxes throughout the TCA cycle previously shown in this mutant (Daloso, Danilo
M et al., 2015; Florez-Sarasa, Obata, Del-Saz, Ni;%zstor Ferni;%ndez, et al., 2019; Porto et al.,
2022). Given that no difference has been observed in the accumulation of glutamate at ED and EN
in the trxh2 mutant, as compared to the WT in these conditions (Figure 15), and no 3C-enrichment
was observed in this metabolite in this mutant (Figure 16c¢), it seems that the regulation of the TCA
cycle fluxes toward glutamate is dependent on the mitochondrial NTR/TRX system rather than
TRX h2.

On the role of the NTR/TRX-mediated regulation of the GS/GOGAT cycle for plant high-

light stress acclimation

Light is a fundamental environmental cue for plants (Giovagnetti e Ruban, 2015). Light
absorption by plant photosynthetic pigments and its conversion into chemical energy is the basis
of earth life (Ruban, 2015). However, the excess of light absorption can damage photosystems and
organic molecules, ultimately leading to cell death (Johnson e Ruban, 2011; Takahashi et al.,
2010). Plants have then developed mechanisms to avoid high-light (HL) stress-mediated
photoinhibition, which involves not only changes in chloroplast processes but also activation of
several metabolic pathways out of the chloroplast, especially the (photo)respiratory metabolism in
mitochondria and peroxisomes (Giovagnetti e Ruban, 2015; Pint6-Marijuan e Munné-Bosch,
2014). For instance, we have previously shown that the activities of both GS and nitrate reductase
(NR) are substantially increased in cotton plants under HL stress and that this is dependent on the
NO3 availability (Guilherme et al., 2019). The upregulation of these enzymes coupled to increases
in photorespiration protected cotton plants from the excess of light absorbed (Guilherme et al.,
2019). These pathways are then important sink of reducing power produced in the chloroplasts
under photoinhibitory conditions. In parallel, it has been previously shown that the mitochondrial
lipoamide dehydrogenase (mtLPD), the L subunit of glycine decarboxylase complex (GDC), an
important protein of the photorespiratory metabolism, is regulated by both TRX h2 and TRX ol in
vitro (Fonseca-Pereira et al., 2019; Reinholdt, Schwab, Zhang, Reichheld, J., et al., 2019). Taking
this into account, we then decided to investigate the role of the NTR/TRX system-mediated
regulation of the GS/GOGAT/GDH cycle for plant acclimation to a short HL stress. Our
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photochemical results showed that the decrease in Fv/Fm was more severe in the trxol mutant, as
previously shown (Florez-Sarasa, Obata, Del-Saz, Ni;Yzstor Ferni;¥2ndez, et al., 2019; Reinholdt,
Bauwe, et al., 2019). Interestingly, the HL stress-mediated increases in GS activity was stronger in
trxol, which also showed higher activities of GOGAT and GDH under HL, compared to all other
genotypes (Figures 21c-d). The increased GS activity under HL is in contrast to the decreased GS
activity under HL in barley (Brestic et al., 2014), but corroborates the increases in GS activity
described in cotton (Guilherme et al., 2019), highlighting that the modulation of GS activity may
range according to the species and/or the level of the HL stress. Furthermore, the increased GS
activity under HL (Figure 21b) contrast with the lower GS activity found in the trxol mutant under
non-stress condition (Figure 18a), highlighting that the effects of the lack of TRX 0l on GS may
range according to the environmental condition.

The GC-MS-based metabolite profiling analysis showed that the HL-mediated metabolic
responses of both trxol and ntrab were very distinct from those observed in the WT, as evidenced
by the clear separation of these genotypes by the PC1 (Figure 22a). This was associated to a
differential accumulation of glutamate, proline, pyruvate and metabolites associated to the TCA
cycle and photorespiration (Figure 22b). Interestingly, the levels of glutamate, fumarate,
homoserine, methionine, lysine and serine were substantially higher in ED-HL than ED-GL in the
WT, and this was not observed in any mutant studied here. By contrast, the level of these
metabolites and others from nitrogen (asparagine) and photorespiration (glycolate) was lower in
trxol and/or ntrab under HL than GL conditions (Figure 21). Given that these metabolic alterations
were minor or not observed in the trx h2 mutant, it strengthens the idea discussed above that the
regulation of (photo)respiration and the glutamate metabolism is more dependent on the
mitochondrial NTR/TRX system rather than the TRX h2. Indeed, it has been shown that the trxol
is more sensitive to HL (Florez-Sarasa, Obata, Del-Saz, Ni¢Ystor FerniiYzndez, et al., 2019) and
that the photosynthetic acclimation to step-wise increases in light intensity is disrupted in trxol
(Reinholdt, Bauwe, et al., 2019). The phenotype of the trxol mutant under HL has been associated
to a slower conversion of glycine to serine catalyzed by GDC and SHMT, suggesting that the TRX-
mediated regulation of photorespiration is necessary for plant HL acclimation (Reinholdt, Bauwe,
et al., 2019). Beyond confirming this hypothesis, our metabolic data from HL-stressed plants
further suggest that the lack of the mitochondrial NTR/TRX system alter the connection between

carbon and nitrogen metabolisms. For instance, glutamate was negatively correlated with pyruvate
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only in WT plants (Figure 25), suggesting that the increased level of glutamate is associated to the
reductions in pyruvate under HL (Figure 23), but this response is lost in the mutants, especially in

trxol and ntrab.

Conclusion

We have provided compelling evidence indicating that the enzymes of the nitrogen
metabolism, especially GS, is directly or indirectly regulated by the mitochondria NTR/TRX
system (Figure 13). This idea is supported by in silico (bioinformatics), in vitro (enzymatic), and
in vivo (metabolic) analyses. Whilst our molecular docking analysis strongly corroborate previous
in vitro studies showing that GS is a redox sensitive enzyme (Florencio, Gadal e Buchanan, 1993;
Motohashi et al., 2001; Tischner e Schmidt, 1982; Yoshida et al., 2013), the increased **C-
enrichment in glutamate derived from **C-pyruvate indicates that the TRX 01/NTRA/B system
coordinate the fluxes from the tricarboxylic toward the GS/GOGAT cycle, which is important for

plant HL stress acclimation.
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Figure 14. Principal component analysis (PCA) carried out using GC-MS-based metabolite
profiling data of leaves from the wild type (WT) and the trxh2, trxol, and ntrab mutants harvest at
the end of the night (EN) (a) and end of the day (ED) (b). The two main components and the
percentage variation explained by PC1 and PC2 are represented in the axis of the figures. PCA was
carried out using the Metaboanalyst platform.
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Figure 15. Heatmap representation of the GC-MS-based metabolite profiling carried out in leaves
from the wild type (WT) and the trxh2, trxol, and ntrab mutants harvest at the end of the night
(EN) (a) and end of the day (ED) (b). The average values of the metabolite level (normalized to
Ribitol and fresh weight) were normalized according to the WT values found at ED and EN log>
transformed (n=4). Red and blue colors represent increased and decreased abundance in primary
metabolites related to the WT at ED and EN. Asterisks (*) indicate values that are significantly
different from the WT in each condition by the Student's t-test (P < 0.05)
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Figure 16. Schematic representation of the distribution of carbons derived from pyruvate
degradation mediated by pyruvate dehydrogenase (PDH) throughout the tricarboxylic acid cycle
(TCAC) and glutamate metabolism. a) Simplified schematic representation of the TCAC
describing the incorporation of two *C-labelled carbons (pink spheres) derived from uniformly
13C-labelled pyruvate [(UC]-pyruvate) into the TCAC glutamate (Glu)/glutamine (GIn). b)
Schematic representation of the natural *C-abundance of a hypothetical metabolite fragment
composed of three carbons obtained by GC-MS analysis. MO represents the fragment with no *3C,
while M1, M2 and M3 contain the incorporation of 1, 2 or 3 ‘3C, respectively. Black and pink
spheres represent respectively *>C and 3C in both figures.
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Figure 17. Box plots representing the M2/MO isotopologues ratio in fumarate (a), citrate (b),
glutamate (c), pyroglutamate (d) and malate (). MO and M2 represent the isotopologues of a
fragment of the metabolites with 0 and 2 *C incorporated. Detached leaves of wild type (WT) and
knockout mutants (trxol, trxh2, and ntrab) of Arabidopsis thaliana L. were subjected to 15 mM
[UC]-pyruvate for 0, 30 and 60 min under light (120 - 150 umol m 2 s™* photosynthetic photon
flux density) or darkness conditions. The WT, trxol, trxh2, and ntrab are represented by black,
pink, green, and blue colors, respectively. Asterisks (*) indicate values that are significantly
different from the time 0 of each genotype by the Student's t-test (P < 0.05)
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Figure 18. Activity of enzymes related to the nitrogen metabolism carried out in leaves of
Arabidopsis thaliana L. wild type (WT) and mutants lacking TRX h2 (trxh2), TRX ol (trxol), and
NTRA & NTRB (ntrab) harvested at end of the day (ED) (a-c) and end of the night (EN) (e-f) of
short-day (125 pmol photons m2s; 08:16 h photoperiod) grown plants. The activity of glutamine
synthetase (a,d) (GS), glutamate synthase (GOGAT) (b,e), and glutamate dehydrogenase (GDH)
(c,f) are expressed by mg of fresh weight (FW) per protein * hour. Black, pink, green and blue
box plots represent averages and standard errors of WT, trx h2, trx o1, and ntrab genotypes,
respectively (n = 4).Asterisks (*) indicate values that are significantly different from the WT in
each condition by the Student's t-test (P < 0.05)
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Figure 19. Immunoblot analysis of glutamine synthetase (GS) isoforms carried out in leaves of
Arabidopsis thaliana L. wild type (WT) and mutants lacking TRX h2 (trxh2), TRX ol (trxol), and
NTRA & NTRB (ntrab). GS was identified using specific antibodies for both GS isoforms in leaf
protein extracts from the wild type (WT) and trxh2, trxol, and ntrab mutants harvested at end of
the day (ED) or end of the night (EN). The content of GS subunits was determined by comparing
the intensity of the band found in the mutants compared to a protein amount gradient found in WT
samples (75% and 100%). 25 pg of total protein content corresponding to 100% in all genotypes.
GS2 was not detected at EN, which is associated to the dark-mediated degradation previously
documented for this isoform. Asterisks (*) indicate values that are significantly different from the
WT in each condition by the Student's t-test (P < 0.05)
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Figure 20. Gel shift analysis of glutamine synthetase (GS) isoforms carried out in leaves of
Arabidopsis thaliana L. wild type (WT) and mutants lacking TRX h2 (trxh2), TRX ol (trxol), and
NTRA & NTRB (ntrab). Total leaf proteins were extracted in the presence of 10% TCA and protein
thiols were alkylated with 10-mM mm-PEG24. Proteins were resolved in SDS-PAGE (15%
polyacrylamide) under non-reducing conditions, transferred to nitrocellulose membrane, and
probed with GS antibody (dilution 1:2,000), followed by incubation with secondary antibody
(Sigma secondary antibody anti-rabbit, dilution 1:20,000). The blots were revealed by BCIP/NBT.
The data represent the protein bands of both oxidized and reduced bands from leaf samples
harvested at the end of the day (ED) and the end of the night (EN), normalized by the fresh weight
(FW) used in the protein extraction. Asterisks (*) indicate values that are significantly different
from the WT in each condition by the Student's t-test (P < 0.05)
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Figure 21. Photochemical and enzymatic analyses of Arabidopsis thaliana L. wild type (WT) and
mutants lacking TRX h2 (trxh2), TRX o1 (trxol), and NTRA & NTRB (ntrab) under grown (GL)
and high-light (HL) conditions. a) Potential quantum yield of the photosystem Il (Fv/Fm) measured
in dark-adapted leaves. b-d) The activity of glutamine synthetase (b) (GS), glutamate synthase
(GOGAT) (c), and glutamate dehydrogenase (GDH) (d) were measured in leaf samples harvested
at the end of the day from plants subjected to 08 h of GL or HL. Enzyme activity is expressed by

mg of fresh weight (FW) per protein ** hour

different according to ANOVA and Tukey test analysis (P < 0.05).

. Means that do not share a letter are significantly
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Figure 22. Principal component analysis (PCA) carried out using GC-MS-based metabolite
profiling data of leaves from the wild type (WT) and the trxh2, trxol, and ntrab mutants harvest at
the end of the night (EN) and end of the day (ED) from plants exposed to 08h of growth light (~120
umol photons m2s™1) (ED-GL) or high-light (HL) (=550 umol photons m~2 s™1) conditions. The
two main components and the percentage variation explained by PC1 and PC2 are represented in
the axis of the figures. PCA was carried out using the Metaboanalyst platform.
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Figure 23. Heatmap representation of the GC-MS-based metabolite profiling carried out in leaves
from the wild type (WT) and the trxh2, trxol, and ntrab mutants harvest at the end of the day (ED)
from plants exposed to 08h of growth light (~120 umol photons m2s ) (ED-GL) or high-light
(HL) (=550 umol photons m2 s!) conditions. The average values of the metabolite level
(normalized to Ribitol and fresh weight) found in ED-GL and ED-HL were first normalized
according to the values found at EN in each genotype. After that, the values of the ED-HL were
normalized according to those of the ED-GL and log: transformed. Red and blue colors represent
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increased and decreased abundance in primary metabolites found in ED-HL related to ED-GL in
each genotype. Asterisks (*) indicate values that are significantly different between increased and
decreased abundance in primary metabolites found in ED in each genotype by the Student's t-test
(P <0.05)
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Figure 24- Principal component (PCA) (a) and biplot (b) analysis of the disposed in the figure 10.
The two main components and the percentage variation explained by PC1 and PC2 are represented
in the axis of the figures. Both analyses were carried out in Metaboanalyst platform.
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Figure 25. Pattern search analysis showing the top 25 correlated metabolites with glutamate,
according to a Pearson correlation analysis. Positive and negative Pearson correlation coefficients

(r) are highlighted in red and blue colors, while -asterisks (*) indicate significant r (P < 0.05).
Pattern search analysis was carried out using the Metaboanalyst platform.
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Figure S1. Alignment of amino acid sequences of glutamine synthetases 1 (GS1) and 2 (GS2)
isoforms. The amino acid sequences from Arabidopsis thaliana L. were obtained from the National
Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/), aligned using the
ClustalW platform (https://www.genome.jp/tools-bin/clustalw) and visualized using the
GeneDoc® software. Cys residues are highlighted in green. The following sequences from
Arabidopsis thaliana were used: NCBI ID: GS2, NP_001031969.1; GLN1.1, sp|Q56WNL1.2;
GLN1.2, AEE34474.1; GLN1.3, NP_188409.1;GLN1.4, NP_568335.1; GLN1.5, AEE32297.1.
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Figure S2. GS1 cys conserved residues between different organisms. Amino acid GS1
sequences were obtained from the National Center for Biotechnology Information (NCBI).
Through the Blatst platform tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi), we chosen the GS2
homologous protein sequences from different species, which had higher similarity in protein
sequence in comparison with AtGS1. Subsequently, the alignment between AtGS1 and the
homologous GS1 from different organisms was performed using the clustaw platform
(https://www.ebi.ac.uk/Tools/msa/clustalw?2/), the alignments were analyzed using the GeneDoc
platform program. Sequences NCBI I1.D: NP_175280.1 -Arabidopsis thaliana; XP_006306121.1 -
Capsella rubella; XP_006393403.1 - Eutrema salsugineum; XP_024359357.1 - Physcomitrium
patens; XP_020584530.1 - Phalaenopsis equestris; AJD14834.1 - Boehmeria nivea; EOX99143.1
- Theobroma cacao; XP_048229468.1 - Ricinus communis; XP_006298020.1 - Capsella rubella.
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Figure S3. GS2 cys conserved residues between different organisms. Amino acid GS2
sequences were obtained from the National Center for Biotechnology Information (NCBI).
Through the Blatst platform tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi), we chosen the GS2

homologous protein sequences from different species, which had higher similarity in protein
sequence in comparison with AtGS2. Subsequently, the alignment between AtGS2 and the
homologous GS2 from different organisms was performed using the clustaw platform
(https://www.ebi.ac.uk/Tools/msa/clustalw?2/), the alignments were analyzed using the GeneDoc
platform  program. Sequences NCBI 1.D: NP_001031969.1-Arabidopsis thaliana;
XP_006282617.1-Capsella rubella; XP_018451685.1-Raphanus sativus; XP_006395952.1-
Eutrema salsugineum; XP_009108017.1-Brassica rapa; NP_001310696-Ricinus communis;
XP_006419778.1-Citrus clementina; XP_030476294.1-Syzygium oleosum; XP_002516801.1-
Ricinus communis; XP_030507192-Cannabis sativa; NP_001311524-Capsicum annuum;
XP_022953350-Cucurbita moschata.
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Figure S4. GOGAT (GLU1) cys conserved residues between different organisms. Amino acid
GOGAT sequences were obtained from the National Center for Biotechnology Information
(NCBI). Through the Blatst platform tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi), we chosen the
GOGAT homologous protein sequences from different species, which had higher similarity in
protein sequence in comparison with AtGOGAT. Subsequently, the alignment between
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AtGOGATand the homologous GOGAT from different organisms was performed using the
clustaw platform (https://www.ebi.ac.uk/Tools/msa/clustalw2/), the alignments were analyzed
using the GeneDoc platform program. Sequences NCBI 1.D: NP_850763.1 -Arabidopsis thaliana;
EOA19780.1 - Capsella rubella; XP_013668394.1 - Brassica napus; XP_006398870.1 - Eutrema
salsugineum; XP_023892191.1 - Quercus suber; GKV41679.1 - Shorea leprosula;
XP_030925863.1- Quercus lobata; XP_044478376.1 - Mangifera indica; XP_024395288.1 1-
Physcomitrium patens.
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Figure S5. GDH cys conserved residues between different organisms. a) GDH 1 alignment
between ATGDH 1 and homologous GDH 1 from diferents species. b) ) GDH 2 alignment between
ATGDH 2 and homologous GDH 2 from differents species. Amino acid GDH sequences were
obtained from the National Center for Biotechnology Information (NCBI). Through the Blatst
platform tool (https://blast.ncbi.nim.nih.gov/Blast.cgi), we chosen the GDH1 and GDH 2
homologous protein sequences from different species, which had higher similarity in protein
sequence in comparison with ATGDH. Subsequently, the alignment between ATGDH and the
homologous GDH from different organisms was performed using the clustaw platform
(https://www.ebi.ac.uk/Tools/msa/clustalw?2/), the alignments were analyzed using the GeneDoc
platform program. Sequences NCBI [I.D: xp 024382943.1 -Physcomitrium patens;
XP_030927431.1 - Quercus lobata; XP_002525427.2 - Ricinus communis; XP_012070451.1 - Jatropha
curcas; XP_050206241.1- Mercurialis annua; 6YEH_A-Arabidopsis thaliana; Physcomitrium patens-
XP 024382943.1; NP_001119184.1 - Arabidopsis thaliana; XP_006287548.2 - Capsella rubella;
XP_006399227.1-Eutrema salsugineum; XP_013743201.1 - Brassica napus; KAG2262865.1-Brassica
carinata; XP_050225579.1- Mercurialis annua; XP_010062756.2-Eucalyptus grandis.
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a) Thioredoxin ol (TRX ol) b) Glutamine synthetase 2 (GS2)  ¢) TRX ol and GS21 protein docking

YS37

d) TRX o1 and GS2 protein docking e) TRX ol and GS2 (two subunit) f) TRX ol and GS2 (one subunit)
panoramic view cluspro docking haddock docking

Figure S6- GS2 and TRX 01 molecular docking. The molecular docking of GS2 and TRX 01
were carry out in Cluspro and Haddock online platforms, using the TRX o1 crystal, 6961, collected
directly from PDB and the GS2 3D model built in swiss protein platform. A) Molecular cluspro
docking GS2 and TRX ol with overhead view. B) Molecular cluspro docking GS2 and TRX ol
panoramic image. C) GS2 and TRX o1 molecular docking between two subunits of GS2 with TRX
0l. Molecular Docking haddock GS2 and TRX o1, using only subunit of GS2. The cys residues
are stick-shaped label. The dockings were visualized on Discovery Studio program 2021.
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a) Thioredoxin h2 (TRX h2) b) Glutamine synthetase 2 (GS2)  ¢) TRX h2 and GS2 protein docking
above view "

JA

i /0 b
d) TRX h2 and GS2 protein docking e) TRX h2 and GS2 (two subunit) f) TRX h2 and GS2 (two subunit)

panoramic view cluspro docking haddock docking

Figure S7- GS2 and TRX h2 molecular docking. The molecular docking of GS2 and TRX h2
were carry out in Cluspro and Haddock online platforms, using the TRX h2 3D model and the GS2
3D model built in swiss protein platform. A) Molecular cluspro docking GS2 and TRX h2 with
overhead view. B) Molecular cluspro docking GS2 and TRX h2 panoramic image. C) GS2 and
TRX h2 molecular docking between two subunits of GS2 with TRX h2. Molecular Docking
haddock GS2 and TRX h2, using only subunit of GS2. The cys residues are stick-shaped label. The
dockings were visualized on Discovery Studio program 2021.
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a) Thioredoxin o1 (TRX ol) b) Glutamine synthetase 1 (GS1) c¢) TRX ol and GS1 protein docking
above view

YS37

d) TRX ol and GS1 protein docking e) TRX o1 and GS1 (one subunit) f) TRX o1 and GS1 (one subunit)
cluspro docking haddock docking

panoramic view

Figure S8- GS1 and TRX 0l molecular docking. The molecular docking of GS1 and TRX o1l
were carry out in Cluspro and Haddock online platforms, using the TRX o1 crystal, 6g61, collected
directly from PDB and the GS1 3D model built in swiss protein platform. A) Molecular cluspro
docking GS1 and TRX ol with overhead view. B) Molecular cluspro docking GS1 and TRX ol
panoramic image. C) GS1 and TRX ol molecular docking between two subunits of GS1 with TRX
0l. Molecular Docking haddock GS1 and TRX o1, using only subunit of GS1. The cys residues
are stick-shaped label. The dockings were visualized on Discovery Studio program 2021.
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a) Thioredoxin h2 (TRX h2) b) Glutamine synthetase 1 (GS1) c¢) TRX h2 and GS1 protein docking
above view "

d) TRX h2 and GS1 protein docking e) TRX h2 and GS1 (one subunit) f) TRX h2 and GS1 (one subunit)
panoramic view cluspro docking haddock docking

Figure S9- GS1 and TRX h2 molecular docking. The molecular docking of GS1 and TRX h2
were carry out in Cluspro and Haddock online platforms, using the TRX h2 3D model and the GS1
3D model built in swiss protein platform. A) Molecular cluspro docking GS1 and TRX h2 with
overhead view. B) Molecular cluspro docking GS1 and TRX h2 panoramic image. C) GS1 and
TRX h2 molecular docking between two subunits of GS1 with TRX h2. Molecular Docking
haddock GS1 and TRX h2, using only subunit of GS1. The cys residues are stick-shaped label. The
dockings were visualized on Discovery Studio program 2021.
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Table Chapter 3

Table 1. DIANNA's program disulfide bond prediction. The enzymes chosen are involved in N-
metabolism. The gene number assertions are given in this table. The DIANNA program gives a
score according to (Ferré & Clote, 2005). The prediction of disulfide bond formation was carried
out by the DIANNA web server program. DIANNA algorithm provides a probability of a disulfide
bond formation among different Cys residues, according to a score ranging from 0 (low probability)
and 1 (high probability).

Protein name Gene Number Disulfide Score Dianna web server
abbreviation  accession bridge (0-1)
(TAIR) prediction
Glutamine Synthetase 2 GIn2 At5g35630 11-306 Higher than 0,97
150-306 Higher than 0.97
Ginl;1 At5g37600 - Bellow than 0,2
GIn1;2 At1g66200 - Bellow than 0,2
Glutamine Synthetase 1 GIn1;3 At3g17820 - Bellow than 0,2
Ginl;4 At5g16570 - Bellow than 0,2
GInl;5 At1g48470 92 -228 0,99
Glutamate GDH1 At5g18170 39 -282 0.99
Dehydrogenase subunit a GDH2 At5g07440 107 - 282 0.99
and p 107 - 288 0.99
107 - 282 0.99
Glutamate synthase Glul At5g53460 132-168 Higher than 0,97
(GLUY) 132-1490 Higher than 0,97

282-479 Higher than 0,97
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Table S1- The 3D proteins models parameters. Homologous protein 3D models of GS1, GS2,
and TRX h2 were build using the swiss-model platform, using the 7v4h 1 ,2d3a and 6x0B templates
for GS2 and TRX h2, respectively. The protein models were evaluated by two parameters,
Qualitative Model Energy Analysis (QMeans) and Global Model Quality Estimation score
(GMQE). The resulting GMQE is expressed as a number between 0 and 1, reflecting the expected
accuracy of a model built, in which higher numbers indicate higher reliability. On the other hand,
QMEAN is a scoring function based on different geometrical properties and provides both global
(i.e., for the entire structure) and local (i.e., per residue) absolute quality estimates.

Protein

Glutamine

synthetase 2

Glutamine

synthetase 1
Thioredoxin h2

Templete

2d3a

7v4h 1

6x0B

X-ray
Crystal
species

Zea mays

Glycine
max

Nicotiana

alata

Similar

with A.t

sequence
56%

81.25%

53%

QMeans

0.40

0.83

0.83

GMQE

0.76

0.88

0.73



https://www.rcsb.org/search?q=rcsb_entity_source_organism.taxonomy_lineage.name:Nicotiana%20alata
https://www.rcsb.org/search?q=rcsb_entity_source_organism.taxonomy_lineage.name:Nicotiana%20alata
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Table S2- Cluspro parameters. Cluspro is an online platform specialized in molecular docking,
specifically protein-protein docking (Kozakov et al., 2013; Vajda et al., 2017). Thus, we provided the
protein crystals collected from PDB. We collected 6g61crystal for AtTRX ol. For GS2, GS1 and TRX h2
we created homologous protein 3D models. We did three cluspro dockings: GS2 and TRX h2, GS2 and
TRX 01, GS1 and TRX 01, and GS1 and TRX h2. Cluspro provides different clusters, which are translated
into different ways in which ligands (TRXs) interact with the receptor (GS2 and GS1), and also the lower
energy scores which can help in the interpretation of the data. Thus, the lower energy score may indicate
the better positional prediction of the ligand to the receptor docking.

Protein — protein  Cluster balance Center Lower energy

docking chosen score
GS2 and TRX h2 6 -1.108.9 -1.173.4
GS2 and TRX ol 0 -993.3 -1.255.5
GS1and TRX h2 8 -760.6 -956.4

GSland TRX ol 8 -1.024 1.024.6
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Table S3- Haddock parameters- Haddock is an online platform specialized in molecular docking,
specifically protein-protein docking (Zundert, van et al., 2016). Thus, we provided the protein crystals
collected from PDB. We collected 6g61 for AtTRX ol. For GS2, GS1 and TRX h2 we created homologous
protein 3D models. We did four cluspro dockings: GS2 and TRX h2, GS2 and TRX 01, GS1 and TRX o1,
and GS1 and TRX h2. Unlike with cluspro dockings, in haddock platform we just ran a docking between a
subunit (GS2 and GS1) and the TRX 01 and TRX h2. The haddock algorithm generates different parameters,
which translate into different positions between ligands (TRXs ) and receptors (GS2 and GS1). Z-score is a
good parameter to define the best clusters, since the lower the Z-score value define the better the prediction
of binding between ligand and receptor. Here are the clusters chosen based on the lowest Z-scores, which

refer to figuresS6-S9.

GS2 and TRX GSland TRX GS2and TRX GSland TRX

h2 h2 ol ol
HADDOCK Cluster 1 Cluster 9 Cluster 8 Cluster 8
parameters
HADDOCK score -85.8+/-2.7 -80.0 +/- -728+/-3.0 -85.7+/-9.2

16.8

Cluster size 51 4 6 6
RMSD from the 0.7+/-0.4 09+/-05 140+/-0.2 09+/-0.6
overall lowest-
energy structure
Van der Waals -37.8+/-45 -26.8+/-4.2 -36.9+/-3.8 -42.8+/-6.0
energy
Electrostatic -236.4 +/- 2714 +/-  -191.7+/- -195.8 +/-
energy 24.6 81.8 19.0 30.7
Desolvation -42+/-13 -0.0+/-1.0 -3.0+/-15 -41+/-27
energy
Restraints 343+/-195 11.3+/-80 53.8+/-141 3.7+/-29
violation energy
Buried Surface 1364.5 +/- 1563.0 +/- 13441+/- 1668.7 +/-
Area 10.3 136.1 26.3 160.0
Z-Score -1.9 -1.5 -1.5 -1.4
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7 GENERAL CONCLUSION AND FUTURE PERSPECTIVES

Our works have provided new insights into the role of the NTR/TRX system in the regulation of
plant metabolism. The characterization of the triple mutant showed that the NTR system is highly
important for plant growth, but not essential for plant development. We further demonstrated that
the mitochondrial NTR/TRX system is important for the regulation of nitrogen metabolism
enzymes, especially GS redox regulation, and that this mechanism aid plants to acclimate to high-
light stress condition. In brief, we hope to publish the last two papers in a journal with a high impact
factor, given that both papers systematically and significantly contribute to the understanding of
redox metabolism, as well as presenting the important potential for biotechnological use to obtain
plants more yield and adapt to change in the environment.
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