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Highlight 

Recent evidence indicates that the thioredoxin (TRX) system regulates key enzymes of mitochondrial 

(photo)respiratory metabolisms, extending the role of TRX-mediated metabolic regulation beyond 

the plastids. 
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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 o1 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 o1/2 are mitochondrial and nuclear, whereas eight TRX 

h proteins are found in diverse compartments, including cytosol, nucleus, endoplasmic reticulum 

(ER), and mitochondria (Buchanan, 2017; Geigenberger 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 o1/2 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 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 (Reinholdt et al., 2019b; Fonseca-Pereira et al., 2020). 

These studies demonstrated that the mitochondrial dihydrolipoamide dehydrogenase (mtLPD) is 

redox regulated by both TRX o1 [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) (Gelhaye et al., 2004; Florez-Sarasa et al., 2019; Umekawa 

and Ito, 2019) and TCA cycle enzymes (Schmidtmann et al., 2014; Yoshida and Hisabori, 2014; Daloso 

et al., 2015), 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 consequences of the recent 

established role of TRXs in the control of photorespiratory metabolism for the overall regulation of 

plant cells and the predicted formation of disulfide bond in several (photo)respiratory enzymes from 

Arabidopsis.  
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Behind the extraordinary complexity of plant redox metabolism  

 

The cellular redox status is central for determining metabolic and developmental activities in 

biological systems (Foyer and Noctor, 2009; Geigenberger and Fernie, 2014). Overall, it results from 

the full inventory of redox reactions, distributed over all subcellular compartments and occurring in 

distinct metabolic pathways (Mock and 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 and Dietz, 2016; Reinholdt et al., 2019a). Beyond that, they are 

responsible for furnishing reducing power to peroxiredoxins (PRXs) and methionine sulfoxide 

reductases (MSRs) (Meyer et al., 2012; Knuesting and Scheibe, 2018). 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 et al., 2004). The oxidized glutathione (GSSG) formed after GRX 

reduction is itself reduced by the NADPH-dependent flavoprotein glutathione reductase (GR) 

(Rouhier et al., 2004; Reichheld et al., 2007). The complexity of the plant redox network is evidenced 

by the functional redundancy amongst the different thiol systems (Souza et al., 2018) 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 (Thormählen et al., 2015; Nikkanen et al., 2016; Yoshida 

and Hisabori, 2016a; Cejudo et al., 2020). Similarly, plant mitochondria have a well-orchestrated 

compensatory redox system (Geigenberger et al., 2017). For instance, it seems likely that GR1 and 

GR2 proteins compensate for the absence of NTR proteins in the cytosol (Marty et al., 2009) and 

mitochondria (Marty et al., 2019), respectively. Notably, whilst the mitochondrial TRX/NTR system is 

seemingly essential for animal cells (Conrad 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; Jung et al., 2002; Iqbal et 

al., 2006) and the NADPH/NTR/TRX system can reduce GSSG in vitro (Marty et al., 2009, 2019), 

although 200-fold higher activity is observed for GR1, revealing a low efficiency of the TRX-based 

reduction of GSSG (Marty 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 
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mitochondrial redox network (see Table S1 for a list of mitochondrial redox proteins) (Møller 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 (Sweetlove et al., 2010; Tcherkez et al., 2012; Nunes-

Nesi et al., 2013). 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 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 (Nunes-Nesi et al., 2013; Møller et al., 2020). 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 

o1) (Fuchs et al., 2020) increased the metabolic fluxes toward the TCA cycle (Daloso et al., 2015; 

Florez-Sarasa 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 (FUM1, AT2G47510) have been shown to be deactivated by the TRX system (Fig. 

1) (Schmidtmann et al., 2014; Yoshida and Hisabori, 2014; Daloso et al., 2015). Interestingly, 

aconitase (ACO) has been shown to be redox sensitive (Obata et al., 2011), but its activity increased 

in trxo1 mitochondrial extracts, with no effect of TRX o1 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 o1 substantially alters the 

activities of these enzymes, leading to changes in both metabolic fluxes and the accumulation of TCA 

cycle metabolites (Daloso 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 (plMDH, 
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AT3G47520) and cytMDH1 have been demonstrated to be activated by TRXs (Ashton and Hatch, 

1983; Thormählen et al., 2015, 2017; Huang et al., 2018), the mitochondrial (mtMDH, AT1G53240) 

and a plastidial NAD+-dependent MDH are not redox-regulated (Berkemeyer et al., 1998; Daloso et 

al., 2015; Yoshida and Hisabori, 2016b; Huang et al., 2018) (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 and 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 plMDH 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 (Tepperman et al., 2004; Igamberdiev et al., 2014a) and negatively regulated 

by adenine nucleotides, with ATP exerting the largest inhibitory effect (Yoshida and 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. 

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 et al., 2014b), several TCA cycle 

enzymes, and photorespiratory GDC (Nunes-Nesi et al., 2013; Bykova et al., 2014; Lindén et al., 

2016). 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 (Araújo 

et al., 2011a; Igamberdiev and 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) (Nunes-Nesi et al., 2007; Araújo et al., 2011b; Medeiros et 

al., 2016, 2017). 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 (Igamberdiev et al., 2014b). It seems therefore that the 

maintenance of the concentration of TCA cycle intermediates in the light at levels enough for the 
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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., 2017). 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).  

The recent established TCA cycle metabolon opens several possibilities for the regulation of 

metabolic fluxes throughout the TCA cycle (Zhang et al., 2017; Sweetlove and Fernie, 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 13C-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 CO2 

assimilation and from previously built up organic acid pools (Cheung et al., 2014; Abadie et al., 2017; 

Abadie and Tcherkez, 2019) (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).  
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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 (Igamberdiev and Gardeström, 2003; Gauthier et al., 

2010; Tcherkez et al., 2012; Igamberdiev, 2020). The inhibition of NAD+-dependent isocitrate 

dehydrogenase (IDH) by NADPH concurrent with the reversion of the reaction catalyzed by NADP+-

dependent IDH (Igamberdiev and Gardeström, 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 o1 (Daloso et al., 2015), both succinate 

dehydrogenase (SDH) and fumarase (FUM) are also regulated by modulation of gene expression 

mediated by phytochrome and cryptochrome (Popov et al., 2010; Eprintsev et al., 2013, 2016, 2018). 

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 et al., 

2003). Also, photorespiratory metabolism increases mitochondrial NADH/NAD+ ratio (Igamberdiev 

and Gardeström, 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 o1 

and TRX h2 (Reinholdt et al., 2019b; Fonseca-Pereira et al., 2020), 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).  
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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) (Selinski et al., 2017). All of them are found 

in a dimeric state that can be redox regulated through a disulfide/sulfhydryl-system (Umbach and 

Siedow, 1993; Rhoads et al., 1998), 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 (Selinski et al., 2017). Once its 

disulfide bond is reduced, the AOX activity can be stimulated through the formation of a 

thiohemiacetal with α-ketoacids, most notably pyruvate (Umbach et al., 1994; Siedow and Umbach, 

2000; Selinski et al., 2017). 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 (Selinski et al., 2017, 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 (Gelhaye et al., 2004; 

Florez-Sarasa et al., 2019; Umekawa and 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 o1 unexpectedly increases AOX activity in vivo under 

both moderate and high light conditions without changing its redox state (Florez-Sarasa et al., 2019). 

Furthermore, trxo1 mutants were characterized by higher carbon fluxes toward the TCA cycle and 

photorespiration, especially under high light (Daloso et al., 2015; Florez-Sarasa et al., 2019), as 

similarly observed in trxh2 mutant (Reinholdt et al., 2019b; Fonseca-Pereira et al., 2020).  

The fact that TRX o1 is apparently not essential for AOX reduction in vivo (Florez-Sarasa et 

al., 2019) raises an important question: Could TRX o2 compensate the lack of TRX o1 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 o1 is seemingly by far the most abundant 

isoform of TRX in the mitochondrial matrix of Arabidopsis (Yoshida and Hisabori, 2016b; Florez-

Sarasa et al., 2019; Fuchs et al., 2020). For instance, heterotrophically grown Arabidopsis cells 
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indicated extremely low abundance of TRX o2 (20 copies) compared to Trx o1 (837 copies), whereas 

TRX h2 was not detected (Fuchs et al., 2020). Albeit both TRX h2 of poplar (Gelhaye et 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 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 trxo1 mutant and that the reduced state 

represented around 90% of the protein redox status (Florez-Sarasa et al., 2019), it is likely the 

existence of a compensatory system in mitochondria. However, whether TRX o2 or other not yet 

identified mechanism could compensate, at least partially, the lack of TRX o1 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 o1 have a 

role in the redox regulation of AOX activity in vivo? TRXs catalyse both reduction and oxidation of 

enzyme thiols. Accordingly, TRX o1 also promotes oxidation of AOX (Florez-Sarasa et al., 2019). In 

this connection, one possibility is that the lack of TRX o1 would stabilize the reduced form of AOX by 

promoting its oxidation, which would demand the oxidation of the entire TRX system (Møller et al., 

2020). This is a situation that can be observed during the mitochondrial isolation procedure (Møller et 

al., 2020) or possibly in the maturation drying period of orthodox seeds (Gerna et al., 2017; Bailly, 

2019). 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 (Gerna et al., 2017; Bailly, 2019).  

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 trxo1 

mutant (Daloso 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 higher number of TRX isoforms found 

in each plant subcellular compartment, a higher degree of promiscuity (in vitro) and redundancy (in 
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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 cytMDH1 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 CO2 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 and Hagemann, 2020). 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 

and Gardeström, 2003). 

In higher plants, GDC is located in mitochondria and is, in conjunction with serine 

hydroxymethyltransferase 1 (SHMT1), 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 and Kolukisaoglu, 2003; Engel et al., 2007). It has 

been proposed that mtLPD1 gene expression is highly induced in response to light. Furthermore, 

mtLDP1 is preferentially associated with GDC, while the second isoform, mtLPD2, is associated with 

PDH, OGDH and BCKDC (Lutziger and Oliver, 2001; Mooney et al., 2002). The role of GDC in the 

control of the flux through photorespiratory cycle and its importance for photosynthesis and plant 
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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 (López-Calcagno et al., 2018) 

or mtLPD (Timm et al., 2015) facilitates glycine-to-serine conversion through photorespiration and 

improves photosynthesis and growth in C3 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 et al., 1988) (Fig. 3). GDC is strongly regulated at the 

transcriptional level by light (Rasmusson and 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 (Palmieri et al., 2010; Hodges et al., 2013; Møller et al., 2020) (Fig. 3).  

Despite the fact that GDC, and other photorespiratory enzymes, have been suggested as 

possible redox regulated enzymes (Balmer et al., 2004; Yoshida et al., 2015; Keech et al., 2017), 

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 o1 and h2 are able to redox regulate mtLPD (Reinholdt et al., 2019b; Fonseca-

Pereira et al., 2020). 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 NTRA plus TRXs o1 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 

et al., 2020) and TRX o1 (Reinholdt et al., 2019b) indicate an increase in the stoichiometry of the 

photorespiratory CO2 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 o1 and up to 95% GDC-T protein has severe growth impairment compared to wild type 

(WT), whilst gldt1, a T-DNA insertion knockdown mutant, shows mild reduction in growth (Reinholdt 
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et al., 2019b), and the single trxo1 has unaltered growth in normal air conditions (Reinholdt et al., 

2019b). 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 Mg2+, which could 

potentially affect CB cycle activity, as suggested for Synechocystis (Eisenhut et al., 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 (H2O2 and superoxide) in the er-ant1 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-ant1 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-ant1 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 et al., 2010), it seems possible that this 

interorganellar 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 and Van Wijk, 2015). It also offers an important mechanism for rapid 

adjustment of plant metabolism according to the prevailing environmental conditions (Plaxton and 

Podestá, 2006; Araújo et al., 2012; Basler et al., 2016). 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 
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the carbon input to the TCA cycle, and OGDH, which exhibits a high flux control coefficient among 

the TCA cycle enzymes (Araújo et al., 2012; Igamberdiev et al., 2014b), 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 et al., 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 o1 have clearly 

increased carbon fluxes through the TCA cycle (Daloso et al., 2015; Florez-Sarasa et al., 2019; 

Reinholdt et al., 2019b). Thus, the TRX-mediated redox regulation of mtLPD coupled with the 

deactivation of PDH by phosphorylation (Budde and Randall, 1990; Tovar-Méndez et al., 2003; 

Tcherkez et al., 2005) and the deactivation of SDH and FUM by TRX o1 (Daloso et al., 2015) 

contribute to explain the light-inhibition of respiration (Fig. 2) (Tcherkez et al., 2005; Gauthier et al., 

2010; Abadie et al., 2017). However, it is interesting to note that whilst both TRXs o1 and h2 

deactivate SDH and mtLPD in vitro (Daloso et al., 2015; Reinholdt et al., 2019b; Fonseca-Pereira et 

al., 2020), suggesting a redundant role among these TRXs, FUM is respectively activated and 

deactivated by TRX h2 and TRX o1 in vitro (Daloso et al., 2015). Therefore, it remains unclear 

whether TRXs o1 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 o1 and TRX h2 in vitro in 

Arabidopsis (Daloso et al., 2015) (Fig. 1). Given that, in contrast to TRX o1, 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 o1) 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 
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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; Yoshida et al., 2015; 

Nietzel et al., 2017), while experimental confirmation is still required (Balmer et al., 2004; Buchanan, 

2017; 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 et al., 2020) (Fig. 4). 

Thus, the identification of conserved Cys residues and the 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., 2018). 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 (Ferrè and Clote, 2005). The predictions 

suggest the presence of disulfide bonds within protein sequences of all subunits of GDC, 

phosphoglycolate phosphatase, plLPD2, 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 et al., 2015; Yoshida et al., 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 and 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 (GLU1 and 2), α and β glutamate 

dehydrogenase (GDH1 and GDH2) and glutamine synthetase 2 (GS2) (Table S2)(Balmer et al., 2004; 

Yoshida et al., 2013; Daloso et al., 2015). By contrast, SHMT1, a further enzyme suggested to be TRX 

target (Balmer et al., 2004; Buchanan and 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 
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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.  

 

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 (Reinholdt et al., 2019b; Fonseca-Pereira et al., 2020), 

and given the importance of photorespiration for photosynthesis and plant productivity (Timm et al., 

2015; López-Calcagno et al., 2018; Timm and Hagemann, 2020), 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 (Igamberdiev, 2020). 

However, given the known redundancy and the complementarity of the plant redox system (Souza 

et al., 2018), several questions remain rather unclear, including: (i) how does TRXs interact with the 
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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 controlling 

metabolic fluxes throughout central metabolism? (iii) Which protein or mechanism compensate the 

lack of TRX o1 in AOX regulation? Further questions that also remain to be addressed are: (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 synergize with the 

metabolic response to sustain plant growth and development, particularly in response to 

environmental fluctuations such as light conditions (Souza 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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Figure full captions  

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 and Hisabori, 2014). 

Given that PDH is inhibited by phosphorylation and possibly by TRX o1 in the light (Tovar-Méndez et 

al., 2003; Fonseca-Pereira et al., 2020), 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 (Cheung et al., 2014; Abadie et al., 2017). By contrast, the C4 branch of the TCA cycle 

seems to be downregulated through deactivation of both SDH and FUM1 by TRX o1 (Daloso 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 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 (Araújo et al., 2011b). 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, tricarboxylic acid. Enzymes: ACL, ATP 

citrate lyase; ACO1, aconitase 1; CS4, citrate synthase 4; cytMDH1, cytosolic malate 

dehydrogenase1; 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 o1. The scheme shown is 

mostly based on data from (Daloso 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 

o1 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 o1. The scheme shown is mostly based on data from (Douce et al., 2001). 

 

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; 

Nietzel et al., 2017; Eisenhut et al., 2019; Møller et al., 2020). 

 

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 12C-ICAT. 

After, Tris (2-carboxyethyl) phosphine (TCEP) is applied to reduce all remained oxidized Cys that are 

posteriorly labelled with 13C-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 
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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 

DiANNA2 and SWISS-MODEL3 platforms are suggested for 3D visualization and to predict disulfide 

bond formation4. 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 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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