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A B S T R A C T   

Reactive Oxygen Species (ROS) can be harmful compounds that can cause damage to macromolecules like lipids, 
proteins, and DNA when their levels exceed cellular defense mechanisms. Cells have protection and ROS 
detoxification systems, including thioredoxin and glutaredoxin systems, to counteract oxidative stress. The role 
of cytosolic thioredoxin system (cTRX) was investigated in different growth phases using a mutant strain lacking 
both TRX1 and TRX2. The mutant showed a defect in survival during the non-dividing state or stationary phase. 
The levels of glutathione, an antioxidant, in the mutants were higher in both total and reduced glutathione, 
indicating an increase in oxidative response. The mutant also showed an increase in protein-bound glutathione, 
suggesting a compensatory mechanism to counter balance oxidative stress. Proteomic analysis revealed changes 
in the expression of various proteins in the absence of cytosolic thioredoxins. Upregulated proteins in both 
exponential and stationary phases were mainly related to oxidative stress response and metabolism. Down-
regulated proteins in both phases were associated with glycerol metabolism, glycolysis, and ATP synthesis. These 
changes indicated a compensatory response to redox imbalance caused by the absence of cytosolic thioredoxins. 
Further analysis focused on the reversible oxidation of cysteine residues in proteins. Several proteins were 
identified with cysteines susceptible to reversible oxidation, and their oxidation status was affected by the 
absence of cytosolic thioredoxins. Notably, cysteine 146 of cytosolic Superoxide Dismutase 1 (Sod1) was more 
oxidized in growth phase, while oxidation of ribosomal proteins was seen only in exponential phase. 

Overall, this study provides insights into the role of cytosolic thioredoxin system in growth, aging, in main-
taining redox balance, protecting against oxidative stress as well as its impact on SOD1 activity and 
glutathionylation.   

Introduction 

Reactive Oxygen Species (ROS) are cytotoxic compounds formed in 
vivo as a result of mitochondrial respiration and cause, when their levels 
overwhelm cellular defenses, damage to macromolecules as lipids, 
proteins and DNA [1]. To counteract oxidative stress, cells have pro-
tective and ROS detoxification mechanisms to prevent damage at the 
macromolecular level. Two pathways involve cysteine-thiol redox sys-
tems, which comprise thioredoxin and glutathione/glutaredoxin system 
[2]. Thioredoxins (TRX) are oxidoreductases with two cysteines in their 
active sites that are implicated in disulfide reduction. In Saccharomyces 

cerevisiae, cytoplasmatic thioredoxin system (cTRX) is formed by two 
thioredoxins, Trx1 and Trx2, and one thioredoxin reductase, Trr1, that 
provides reducing power from NADPH [3]. Their most important func-
tion is completing the catalytic cycles of interacting enzymes, like the 
thioredoxin-dependent peroxidases called peroxiredoxins. A mutant 
strain for both thioredoxins is auxotrophic for sulfur amino acids 
because thioredoxins provide the hydrogen group donor to 3́-phos-
phoadenosine-5́-phosphosulfate (PAPS) reductase, which converts PAPS 
into sulfide. Mutants also have a defect in S phase of the cellular cycle 
because thioredoxins are responsible for ribonucleotide reductase (RNR) 
reduction to keep RNR active [4,5]. Thioredoxins play a crucial role in 
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regulating disulfide bonds between thiol groups in cysteine residues of 
proteins [3]. The thiol groups in cysteines are also susceptible to irre-
versible oxidation. Posttranslational modifications such as gluta-
thionylation can protect thiols from irreversible oxidation [6,7]. The 
involvement of thioredoxin and glutaredoxin systems in the regulation 
of glutathionylation has been suggested, although this process remains 
poorly understood [8]. Grant et al. demonstrated that cTRX may play a 
role in deglutathionylation, removing the GSH bound to protein 
following oxidative stress [9]. Additionally, yeast mitochondrial Trx3 
has been shown to deglutathionylate the peroxidatic Cys91 of the 
1-Cys-mitochondrial peroxiredoxin Prx1 [10]. S. cerevisiae has five thi-
oredoxin peroxidases also known as peroxiredoxins, which rely on the 
thioredoxin system to complete their catalytic cycle. Peroxiredoxins use 
cysteines in their active site to detoxify peroxides and they are classified 
as 1-Cys-or 2-Cys-peroxiredoxins. While 1-Cys-peroxiredoxins contain a 
peroxidatic Cys-residue, they lack a resolving Cys-residue found in 
2-Cys-peroxiredoxins. In the presence of ROS, the thiol group (-SH) of 
the peroxidatic Cys-residue is oxidized to form a sulfenic (-SOH) that 
may, e.g., result in disulfide bond formation (-S-S-) or can be further 
oxidized to generate cysteine sulfinic (-SO2H) and sulfonic (-SO3H) acid 
forms. 

Imbalances between ROS and the antioxidant defense mechanisms 
play a significant role in various conditions, including carcinogenesis, 
response to chemotherapy and age-related diseases such Parkinsońs, 
Alzheimeŕs and Amyotrophic Lateral Sclerosis (ALS). ALS is a fatal 
neurodegenerative disease [11]. The etiology of ALS remains unclear 
and currently there are several proposed mechanisms for ALS patho-
genesis. A portion of ALS cases (10 %) is inherited (familiar ALS o fALS) 
caused by mutation in specific genes. The first causative gene associated 
with ALS and extensively studied is superoxide dismutase 1 (SOD1), a 
Cu/Zn Sod1 antioxidant enzyme [12]. SOD1 is a Cu/Zn superoxide 
dismutase that catalyze the dismutation of superoxide into oxygen and 
H2O2. While human Sod1 contains four Cys-residues, its yeast homo-
logue has two (Supplementary Fig. 1). The disulfide bound formed be-
tween Sod1 Cys 146 and Cys57 coordination histidine residues (His46, 
His48, His120 and His63) to metal cofactors (Cu and Zn), stabilizing the 
enzyme [13]. Oxidation of Zn ligand with loss of the metal or disruption 
of Cys57-Cys146 disulfide produces enzyme destabilization and pro-
motes Sod1 aggregation (Martins & English, [14]). Research on yeast 
stationary cells, akin to quiescent motor neurons, demonstrated that 
Cys146 is oxidized and catalytically inactive, in contrast to reduced 
Cys57 [13]. This oxidation is critical for the folding and stability of 
Sod1. Furthermore, human tissues studies revealed substantial gluta-
thionylation of Sod1 at Cysteine-111, profoundly affecting dimer sta-
bility [15]. Studies have implicated glutaredoxins, thioredoxins and 
thioredoxin reductase in Sod1 regulation and ALS (Hitchler & Domann., 
[16,17]). 

In addition, the role of Sod1 extends beyond its antioxidant function. 
It has been described as a key metabolic regulator. In 2013, Reddi et al. 
showed that O2, glucose and Sod1 cooperates to maintain the stability of 
Yck1 and Yck2, two kinases related with respiratory repression (Reddi & 
Culotta., [18]). Moreover, in 2014 Chi Kwan Tsang lab revealed that 
Sod1 localizes in the nucleus under H2O2 conditions, binding to DNA 
promoters and regulates gene expression important for resistance to 
oxidative DNA damage (Tsang et al., [19]). 

In this study, we studied the role of cytosolic thioredoxin system 
during different growth phases, exponential and stationary. We 
demonstrated that the trx1Δtrx2Δ double mutant exhibits reduced sur-
vival in a non-dividing state or stationary phase, known as chronological 
life span (CLS), which is important for age-related disease. Through a 
global proteomic assay, we found a strong role of Trx1 and Trx2 in the 
oxidative stress response and in metabolism. By analyzing the thiol 
redox proteome, we revealed the role of Trx1 and Trx2 in regulating 
Sod1 activity and its glutathionylation, unknown until now. Notably, we 
found that cTRX system does not participate in Sod1 
deglutathionylation. 

Results 

Impact of trx1Δtrx2Δ double mutant on growth and aging 

In order to study the role of cytosolic thioredoxins on growth, mu-
tants of TRX1, TRX2 and the double mutant were tested in the haploid 
prototrophic yeast C9. Notably, there were no striking differences in 
growth in complete synthetic medium between the wild-type strain, the 
simple mutants and the trx1Δtrx2Δ double mutant (Fig. 1A). All mutants 
reached a similar maximum optical density (OD), indicating unimpaired 
growth. Interestingly, the double mutant had a reduced lag phase, 
suggesting a slightly better adaptation to fermentative growth. SC is the 
usual medium to perform Chronological Life Span (CLS) experiments, 
and accordingly, it was used to study the role of the double mutant in the 
survival in a non-dividing state (Fig. 1B). Both simple mutants exhibited 
survival rates similar to the wt-type strain. However, the trx1Δtrx2Δ 
double mutant viability decreased by day 2, plummeting to 1 % viability 
by day 7, whereas both the simple mutant and the wt-type strains 
maintained more than 10 % viability. These results indicate that the 
cytosolic thioredoxin (cTRX) system is not critical for cell growth in 
fermentative conditions but is important for cell survival in stationary 
phase where there is no division. 

In the absence of cytosolic thioredoxins, the relevance of the gluta-
thione system may become heightened as part of a compensatory 
mechanism. Levels of total glutathione, reduced GSH, and the ratio of 
between reduced to oxidized glutathione were assessed in the thio-
redoxin system mutants under different growth conditions, exponential 
and stationary phase, were measured (Fig. 1C). There were differences 
in intracellular GSH between growth phases. Exponential phase 
exhibited higher there were higher total, reduced GSH and oxidized 
GSSG levels compared to stationary phase in the wild type, indicating a 
higher biosynthetic metabolism. However, the GSH/GSSG ratio 
increased during stationary phase, suggesting adaptation to a more 
oxidative environmental. Single mutants showed a very similar profile, 
indicating that the system is robust and both thioredoxins are mainly 
redundant. Intriguingly, the levels of total and reduced glutathione were 
higher compared to the wt in the trx1Δtrx2Δ double mutant irrespective 
of growth phase, with a more pronounced difference observed during 
stationary phase (Fig 1C). Additionally, oxidized glutathione increased 
from the stationary phase and seem to be accumulated later in growth. 
These results indicate that the trx1Δtrx2Δ double mutant produces an 
increase in oxidative stress which the cell counter balances by increasing 
the GSH levels and subsequently an increase in GSSG. 

One-way GSH exerts protection against oxidative stress is through 
glutathionylation, a reversible posttranslational modification. Protein- 
bound GSH was measured in all the strains and in both growth phases 
(Fig. 1D). Notably, no significant disparities in protein-bound GSH were 
observed between the wild-type strain and single mutants during both 
growth phases. However, the trx1Δtrx2Δ double mutant exhibited a 
significant increase in protein-bound GSH in stationary phase (Fig 1D). 
This might reflect the rise in overall glutathione in conditions of 
oxidative pressure and is coherent with higher oxidized glutathione. It 
also suggests that TRX1 and TRX2 may be important for deglutathio-
nylation in stationary phase. 

Upregulated proteins in the trx1Δtrx2Δ double mutant along growth 

For a better understanding of the role of the cytosolic thioredoxin 
system across growth phases, a quantitative study of the differential 
proteome of wild-type strain and the trx1Δtrx2Δ double mutant was 
performed. In exponential phase in minimal medium, 69 proteins 
exhibited statistically significant quantitative changes (fold change 
above 1.5) between the trx1Δtrx2Δ double mutant and the wild-type 
strain (see Supplemental Material 3). During stationary phase, 149 
proteins displayed statistically significant quantitative changes (Sup-
plemental Table 4). Of these detected proteins, 99 were upregulated in 
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the trx1Δtrx2Δ double mutant. Functional categorization of upregulated 
proteins unique to exponential and stationary phases, as well as those 
common to both phases, was depicted using String [20] (Fig. 2A). Only 
nine were shared across both exponential and stationary phase. An 
interaction map based on these common proteins was used to identify 
enrichment in functional categories (Fig. 2A), as illustrated in Fig. 2B. 
Under “Biological Processes”, the main enriched category was oxidative 
stress response, which is upregulated in both growth phases, including 
superoxide dismutase Sod2, thioredoxin reductase Trr1, oxidoreductase 
Oye3, and peroxidases Ccp1 and Gpx2. These findings suggest that cells 
lacking the antioxidant proteins TRX1 and TRX2 increase the expression 
of other oxidative stress-related proteins as a compensation mechanism 
for survival. An impact in metabolism was also relevant, highlighted by 
the increase in Rnr4, Lys21, and Met17. 

In the trx1Δtrx2Δ mutant there were nine other oxidative stress 
response-related proteins upregulated during the exponential phase 
(Fig. 2A). Notably, three of the five peroxiredoxins were augmented in 
the trx1Δtrx2Δ mutant during exponential phase, cytosolic peroxir-
edoxins Tsa1 and Ahp1 and the mitochondrial peroxiredoxin, Prx1. 

Moreover, sulfiredoxin 1 (Srx1), responsible for reversing hyper-
oxidation of Tsa1 [21], exhibited 32-fold increase abundant in the 
double mutant. A protein tag GFP was used to explore if the trx1Δtrx2Δ 
double mutant has a defect in Tsa1 aggregation (Supplemental Fig. 2) 
under different conditions (under H2O2 and AZC a proline analog that 
promotes protein aggregation). Green fluorescence intensity was higher 
in the trx1Δtrx2Δ mutant possibly attributed to increased Tsa1 con-
centration (2.1-fold) but there is still aggregation. Other proteins related 
with oxidative stress response were upregulated in trx1Δtrx2Δ mutant 
only in exponential phase: superoxide dismutase 1 (Sod1), methionine 
S-sulfoxide reductase (Mxr1), mitochondrial glutaredoxin (Grx2), 
glutathione reductase (Glr1) and cystathione gamma-lyase (Cys3). 
Exponential phase is a dividing state where cells have an active meta-
bolism and need to deal with different stress, hence cells lacking the 
cTRX system necessitates the upregulation of alternative antioxidant 
defenses for compensation. 

The second enriched biological category during exponential phase is 
related with lysine metabolism (Fig. 2A). Three of them belong to the 
lysine biosynthetic pathway, Lys1, Lys9 and Lys20 and the putative 

Fig. 1. TRX1 and TRX2 impact on growth and glutathione metabolism in Complete Synthetic Medium (SC). Growth curves profile (A). Survival curve after 3 days of 
growth in SC medium (B). Determination of glutathione levels in cells in exponential and stationary phase. Total, oxidized glutathione (GSSG), reduced glutathione 
(GSH) and GSH/GSSG ratio (C). Protein-bound glutathione assay (D). Experiments were done in triplicate. Means and standard deviations are provided. *P<0.05, 
unpaired t-test, two-tailed. 
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mitochondrial aconitase isoenzyme Aco2 showed a 3-fold increase 
(Supplemental Material 3). Despite the overexpression of enzymes 
froma the upper lysine biosynthesis pathway in the trx1Δtrx2Δ double 
mutant resistance to thiolysine (S-2-aminoethyl-L-cysteine (AEC)), a 
toxic lysine analogue, remained unaffected (Supplementary Fig. 3). 
suggesting pathway activation stems from deficit rather than a protec-
tive mechanism. 

In stationary phase, enrichment of the eight upregulated proteins 
point towards carboxylic acid metabolism (Fig. 2A). Carbon metabolism 
proteins (citrate synthetase, Cit1, acetyl-CoA synthetase, Acs2, Cyto-
chrome c1, Cit2) and amino acid (alpha-isopropylmalate synthase, Leu4 
and Met5, sulfite reductase) exhibited increased levels. Noteworthy, 
two highly abundant proteins include Isd11, a cysteine desulfurase 
activator essential for the formation of the persulfide intermediate at the 
desulfurase active site during pyridoxal phosphatase- dependent desul-
furation of cysteine which displayed a 27.6-fold increase in the double 
mutant compared to the wild type, and Sno4 (83-fold) is a probable 
glutathione-independent glyoxalase, possible chaperone and cysteine 

protease, required for transcriptional reprogramming during the diauxic 
shift and for survival in stationary phase. 

Downregulated proteins in the trx1Δtrx2Δ double mutant in exponential 
and stationary phases 

Due to the impact of cTRX system on global proteome, proteins 
downregulated in the trx1Δtrx2Δ mutant were investigated (Fig. 3). A 
total of seven common downregulated proteins were identified, all of 
them belonging to the “response to stress” biological category according 
to String (Fig. 3A). Among these, three were related to glycerol meta-
bolism, two glycerol-1-phosphatase, Gpp1 and Gpp2, and a glycerol-2- 
dehydrogenase, Gcy1. These proteins exhibit functional connection 
with Ctt1 a cytosolic catalase (Fig. 3B), that was also downregulated. 
Catalase activity was measured in the wt and in the trx1Δtrx2Δ mutant 
in both growth conditions (Fig 3C). There was an increase in catalase 
activity during the transition from exponential to stationary phase, and 
this increase remained consistent in both strains. However, the levels of 

Fig. 2. TRX1 and TRX2 deletion impacts on metabolism depending on growth conditions. Functional analysis of the abundance of proteins stadistically significant 
upregulated enriched in trx1Δtrx2Δ mutant (A) and the interactome node base on the common proteins acording to String (B). 
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catalase activity in the trx1Δtrx2Δ mutant were lower than in the wt in 
both growth phases accordance with the proteomic findings, implying 
an absence of compensatory mechanisms. 

As demonstrated in Fig. 3A, only nine proteins were statistically 
significant downregulated in exponential phase, without a discernible 
enrichment in biological categories. However, during stationary phase, 
there were 116 proteins significantly downregulated. Enrich analysis 
revealed the "cellular carbohydrate metabolism" category, encompass-
ing 13 proteins that could be categorized into two distinct groups. The 
first group is related to glycolysis and includes hexokinase Hxk1 and 
Hxk2 glucokinase, Glk1 and phosphoglucomutase, Pgm2, involved in 
the first step of sugars phosphorylation. The second group pertains to 
carbohydrate protection: two subunits of the trehalose-6-phosphate 
synthetase complex, Tps1 and Tps2 and proteins of glycogen meta-
bolism, glycogen phosphorylase Gph1 and branching enzyme Glc3. 

Another set of eleven downregulated proteins in stationary phase 
was clustered into the nucleotide biosynthetic pathway. One group is 
related with ATP synthesis and belong to ATP synthase complex Atp3, 
Atp7, Atp14, Atp16, Tim11, Pma2 and Cyt1. Another group was 
related with purine biosynthesis, Ade16 and Ade1 (Fig. 3A). 

Taken all together, all these proteomic alterations resulting from the 
removal of the cTRX system indicate that this system plays a crucial role 
for the correct redox balance in the cells. Moreover, glycolysis and ATP 
synthesis downregulation point to a compensatory mechanism to deal 
with a redox unbalance in the cell that eventually leads to lower survival 
rate. 

Cytosolic thioredoxins influence in thiol reversible oxidation 

Cysteine thiol groups within proteins can be reversibly oxidized as 
part of protective and regulatory mechanisms when cells are exposed to 
oxidative challenge. Consistent with this notion, we previously observed 
an increase in protein-bound glutathione in the trx1Δtrx2Δ double 
mutant as shown in Fig. 1D. To identify proteins affected by reversible 
Cys-redox changes we carried out a redox proteomic analysis in the 
trx1Δtrx2Δ double mutant, based on differential stable isotope labeling 
of reduced and oxidized cysteines as described in Materials and Methods 
section [22,23] (Fig. 4 and Supplementary Tables 1 and 2). Seven pro-
teins were detected with cysteines susceptible to reversible oxidation, 
and their affected Cys-residues were mapped. The accession number, 
name of the protein, Cys-residue and ratio between reduced and 
oxidized cysteines are shown for both the wt and the double mutant in 
exponential and stationary phase (Fig. 4A). Four proteins identified 
mainly in exponential phase were ribosomal proteins, likely reflecting 
their abundance during active growth. Interestingly, Cys38 of RPS29A 
was more oxidized in wt than in the mutant while Cys38 of RPS29B 
displayed more oxidized in the mutant. This result necessitates further 
investigation, potentially related to redox-mediated control of protein 
biosynthesis in ribosomal proteins (Stöcker et al., 2018). Additionally, 
two proteins related to respiratory metabolism (mitochondrial prolyl 
isomerase CPR3, Cys57 and NADPH aldose reductase GRE3, Cys27) 
were solely identified in stationary phase. In the double mutant, one 
Cys-residue of each of these proteins was more oxidized in the mutant 
than in wt, as should be expected from the antioxidant weakness of the 

Fig. 3. TRX1 and TRX2 deletion impacts on metabolism depending on growth conditions. Functional analysis of the abundance of proteins stadistically significant 
downregulated (A) in trx1Δtrx2Δ mutant and the interactome node base on common proteins acording to String (B). Catalase activity in both growth phases are 
shown. Experiments were done in triplicate. Means and standard deviations are provided. *P<0.05, unpaired t-test, two-tailed (C). 
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trx1Δtrx2Δ mutant under these conditions. 
Cys146 of cytosolic Superoxide Dismutase 1 (Sod1) was the only one 

detected in both growth phases and was deeply oxidized in the mutant in 
exponential phase with a ratio of reduced/oxidized Cys-of 0.06 but 
changed to 0.43 in stationary phase. In contrast, this ratio was roughly 
similar in both phases (0.45 and 0.30) in wt cells, indicating a further 
reduction in the mutant. Interestingly, Cys146 of Sod1 was mostly 
reduced in exponential phase when the cells grow in YPD medium (a 
rich medium with 2 % of glucose similar to SC medium), with ratios of 
56.62 and 13.76 for wt and trx1Δtrx2Δ, respectively. Despite this, even 
under these conditions, the Sod1 Cys146 in the mutant did not reach the 
reductive level of wt (data not shown). 

Cys146 forms an intramolecular disulfide bond with Cys57 to sta-
bilize Sod1 dimer, and disruption of the disulfide promotes Sod1 ag-
gregation [24]. Due to this important role of the disulfide bond, we 
sought to investigate whether the cTRX system function as a regulator of 
Sod1 activity. Notably, Human Sod1 contains four cysteine residues at 
positions 6, 57, 111 and 146. However, S. cerevisiae has only two, Cys 57 
and Cys 146 (Supplemental Fig. 1). The tryptic peptide containing Cys57 
was not detected in mass spectrometry analysis likely due to its large size 
(25 residues). We focused on the potential involvement of cTRX system 
in regulating the redox status of Cys146 and its impact on Sod1 activity. 

SOD activity is dependent of cTRX system and sod1 is glutathionylated in a 
cTRX system independent manner 

In order to study the role of cTRX system on SOD functionality, we 
checked the effect of trx1Δtrx2Δ double mutant on SOD activity and 
glutathionylation. SOD activity was measured using zymogram assay 

[25] (Fig. 5A) with trr1Δ and tsa1Δ mutants as a control strains. 
Notably, both the trx1Δtrx2Δ double mutant and trr1Δ mutant exhibited 
higher SOD activity than the wt and the tsa1Δ mutant, across both 
exponential and stationary growth conditions. Moreover, during expo-
nential phase in YPD medium (a nutrient-rich medium), the trx1Δtrx2Δ 
double mutant displayed elevated SOD activity compare to the wt 
(Supplemental Fig. 4). 

Previous studies have shown that oxidative stress (induced by H2O2) 
produces destabilization of Cys57-Cys146 disulfide bond and subse-
quent Sod1 aggregation (Chen et al., [26]; Nitesh et al., [27]). 
Furthermore, Sod1 has been implicated as a nuclear transcription factor 
under H2O2 conditions, regulating the expression of oxidative stress 
genes [19]. We treated yeast cells with the superoxide-generating agent 
4-nitroquinoline-N-oxide (4NQO) to check if trx1Δtrx2Δ double mutant 
has a role in the nuclear localization of Sod1. However, there were no 
changes in Sod1 localization, compared to the wt (Fig. 5B). 

In order to investigate the role of cTRX system in posttranslational 
modification, an immunoprecipitation assay using myc-tagged Sod1, 
following byWestern blot with anti-GSH antibodies were performed to 
check potential Sod1 glutathionylation under our conditions (Fig. 6). 
Previously, we have shown that the levels of GSH are higher in 
trx1Δtrx2Δ than in the wild-type strain in stationary phase, although the 
GSH/GSSG ratio is lower (Fig. 1C). We have checked the different 
fraction of the co-IP protocol (Supplemental Fig. 5A) with anti-GSH and 
anti-MYC in the wt, trx1Δtrx2Δ double mutant and a strain without myc 
tag as a control (referred to as Mock). Our findings indicated the pres-
ence of GSH binding to Sod1 across all of the fractions and in both wt 
and trx1Δtrx2Δ double mutant. Interestingly, the trx1Δtrx2Δ double 
mutant has more levels of Sod1 protein in these conditions (as evident in 

Fig. 4. Impact of Trx1 and Trx2 on reversible oxidation. List of Proteins Containing Redox-Sensitive Cys-Residues Detected by the Redox Proteomic Approach in 
exponential and in stationary phase in the wild-type strain and in the trx1Δtrx2Δ double mutant. Accession number, protein name, redox cysteine and ratio between 
reduced and oxidized have shown. The redox state of selected redox Cys-residues labeled with both d(0) NEM and d(5) NEM was calculated using Skyline open 
software (A). Interactome node based on the proteins detected with oxidative reversible cysteines (B) and functional analysis of proteins from B (C). 
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the anti-MYC western blot). Moreover, we have studied the gluthatio-
nylation under oxidative stress conditions with H2O2 and using DTT as a 
reductor to break the bond between Sod1 and GSH (Supplemental 
Fig. 5B). There is more GSH binding to Sod1 in the trx1Δtrx2Δ double 
mutant than in the wt but it is not depended on stress conditions. 

Coimmunoprecipitation assay were conducted under non-reducing 
condition during both exponential and stationary phases (Fig. 6A), as 
well as under reducing condition with DTT 1 mM to disrupt the bond 
between GSH and Sod1 (Fig. 6B). In the exponential phase, there is GSH 
bound to Sod1 but is not dependent on the cTRX system. Moreover, GSH 
was bound to Sod1 in stationary phase in an cTRX system independent 
way. In exponential phase, there is more GSH linked to Sod1 than in 
stationary phase, indicating it depends on the growth status. Collec-
tively, these results suggest that GSH binding to Sod1 serves as a pro-
tective mechanism against oxidation, particularly crucial during the 
exponential phase in comparison to the stationary phase. However, our 
results cannot establish that cTRX system has a role in this particular 
function. 

Discussion 

Cytosolic thioredoxins are small proteins involved in multiple pro-
cesses and function as protecting molecules against oxidative stress [3] 

due to their involvement in the reduction of the catalytic cycle of per-
oxiredoxins (among other proteins), pivotal proteins in stress response 
and aging [21].This work analyzed the impact of cytosolic thioredoxin 
system on growth phases, exponential and stationary phase in Complete 
Synthetic Medium (CSM or SC). During growth in CSM, the trx1Δtrx2Δ 
double mutant displayed similar growth than the wild type and the 
simple mutants (Fig. 1A). However, trx1Δtrx2Δ double mutant has a 
decreased chronological life span (CLS) (Fig. 1B). In CSM, containing 2 
% glucose similar to the nutrient-rich YPD medium, glucose is consumed 
in a fermentative metabolism during initial growth hours, followed by a 
diauxic shift to respiratory metabolism upon sugar depletion. CLS is the 
viability of cells to survive in non-dividing state, which in CSM corre-
sponds to sugar depletion around day 3 of growth [28,29]. Our findings 
indicate that the cytosolic thioredoxin system (cTRX) is necessary for 
survival during this non-diving state, when metabolism is respiratory. 
These are typical defects produced by mutations in antioxidant enzymes 
and cTRX system deletion trigger compensatory mechanisms, e.g. an 
increase in total and reduce glutathione (GSH) in both growth phases 
(Fig 1C). Our data suggest that cTRX system has an important role in the 
maintenance of GSH levels. In 2003, Grant et al., previously proposed a 
potential role of cTRX system in deglutathionylation, a posttranslational 
modification that protect proteins from irreversible oxidation. Levels of 
GSH linked to proteins were measure (Fig. 1D) revealing elevated GSH 

Fig. 5. cTRX system has an impact in SOD activity. Zymogram for the study of SOD activity in exponential and in stationary phase in SC medium in the wild-type 
strain, trx1Δtrx2Δ double mutant and tsa1Δ and trr1Δ as a control strains. Coomassie of the zymogram gel and western blot of Sod1 protein levels was showed as a 
loading control (A). Cells were treated with 5 µg/mL 4NQO during 1 h and analysed for Sod1-GFP localization by fluorescence microscopy in the wild-type strain and 
in the trx1Δtrx2Δ double mutant (B). 

Fig. 6. Sod1 glutathionylation. Sod1-MYC immunoprecipitation in exponential and stationary phase in non-reducing conditions (A) and reducing conditions with 1 
mM DTT (B) of the wt strain, trx1Δtrx2Δ double mutant and mock as a control. 
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binding to proteins in the trx1Δtrx2Δ double mutant during stationary 
phase. This finding supports the hypothesis that the cTRX system par-
ticipates in deglutathionylation. Previous studies in our lab also in-
dicates that absence of thioredoxin reductase triggers compensatory 
responses to oxidative stress. Lacking Trr1 yeast has a decrease in CLS 
and increase in antioxidants proteins (e.g., Tsa1), increase in GSH total 
and catalase activity [30]. Similar behavior was observed in the double 
thioredoxin mutant under winemaking conditions. In a grape Juice 
medium with higher sugar content (200 g/L), the cTRX system exhibited 
delayed and an extended CLS. This effect on growth rate is attribute to 
the effect of the trx1Δtrx2Δ double mutant in the initial steps of the 
glycolysis, specifically hexoses phosphorylation. Downregulation of 
Hxk1, Hxk2, and Glk1 during winemaking conditions led to altered 
glycolytic flux, as previously described [31]. 

The most obvious effect of thioredoxin 1 and 2 deletion was the 
upregulation of antioxidant proteins, a response observed across various 
growth media (Fig. 2A, B). Notably, five key proteins in the oxidative 
stress response were upregulated. The cytosolic thioredoxin reductase, 
Trr1, responsible for restoring the reduced status of both thioredoxins, 
exhibited a 6.6-fold increase in exponential phase and 5-fold in sta-
tionary. Interestingly, the mitochondrial thioredoxin system was not 
activated, implying that Trr1 may be providing redox potential to un-
known donors. Glutaredoxins are the other redox-control mechanism in 
the cytosol. Glutathione peroxidase Gpx2 was 10 times more abundant 
in exponential phase and a 3.3-fold increase in stationary, which its 
expression being induced by oxidative stress in a Yap1 and Skn7- 
dependent manner. Moreover, in 2005, Tanaka et al., showed that 
Gpx2 is an atypical 2-cys peroxiredoxin using the thioredoxin system as 
an electron donor and recently, it was shown the role of Gpx2 in CLS 
through mitochondrial function [32]. Other oxidative stress-related 
proteins upregulated in a non-depend growth phase include Sod2, 
Oye3 and Ccp1. This data corroborates that in the trx1Δtrx2Δ double 
mutant there is an activation of a compensation mechanism. Notably, 
glycerol metabolism is the enriched biological category in the proteins 
downregulated in trx1Δtrx2Δ double mutant common in both phases, 
indicating a response to hyperosmotic stress that may be linked to thi-
oredoxins or the NAD+/NADH balance. 

In addition, Trx1 and Trx2 regulate the proteome in a growth con-
dition dependent manner. During exponential phase, where cells are 
dividing, the cTRX system plays a pivotal role. One biological category 
specifically upregulated in exponential phase in the trx1Δtrx2Δ double 
mutant is related with oxidative stress response. 

Among the five peroxiredoxins in S. cerevisiae, three are upregulated 
only in this growth phase. Tsa1, peroxiredoxin that is considered as a 
gerontogen and a redox sensor protein [33], exhibited 2.1-fold 
increased, although its aggregation was not dependent on the cTRX 
system (Supplem. Fig. 2). Ahp1 and Prx1 were 3.28-fold and 4.45-fold 
upregulated respectively. Moreover, Srx1, responsible for the reduc-
tion of peroxiredoxin sulfinic acid, showed a 32-fold increase. The 
importance of cTRX system in cells redox balance was demonstrated, in 
stationary phase, the double mutant had an increase in the abundance of 
key proteins of GSH metabolism, Isd11 (27.6-fold) and Sno4 (83-fold) 
that are necessary for the sulfide bond formations and for the tran-
scriptional reprogramming after diauxic shift and survival in stationary 
phase. These findings reinforce the elevated intracellular GSH levels in 
the double mutant dutring stationary phase (Fig. 1C, D). 

The cTRX system serves as the electron donor of peroxiredoxins. In 
its absence, there is an increase of these proteins to compensate the 
levels of intracellular oxidative stress, particularly pronounced during 
active metabolic phases. In addition, lysine biosynthesis metabolism is 
upregulated too. Lysine is an essential amino acid and has a tightly 
regulation [34]. First enzyme pathway, homocitrate synthase (HCS) 
coding by LYS20 and LYS21, is the target of the feedback regulation and 
is strongly inhibited by L-lysine. Five main proteins in this pathway Lys 
1, Lys 9, Aco2, Lys 20 and Lys 21 (this one is upregulated in stationary 
phase too) are 2.96, 2.84, 3.38, 3.13 and 3 times respectively more 

abundant in the trx1Δtrx2Δ double mutant and this increase is not 
related with higher amount of intracellular lysine (Supplem. Fig. 3). 
Moreover, in 2014, P.J. ÓDoherty et al. demonstrated an upregulation of 
lysine biosynthesis genes in response to oxidative stress induced by 
linoleic acid hydroperoxide. 

Surprisingly, in our study we only detected proteins downregulated 
in trx1Δtrx2Δ double mutant in stationary phase. This group included 
proteins related to hexose metabolism and glycolysis. We have previ-
ously described the role of cTRX system during wine yeast biomass 
propagation [35,36] and, particularly, in hexoses metabolism [31,37]. 
Specifically, during grape juice fermentations, TRX1 and TRX2 regulate 
the initials steps in glycolysis pathway at the levels of hexoses phos-
phorylation. There was a downregulation in Hxk1, Hxk2 and Glk1. 
Metabolomic analysis confirmed alterations in glycolytic intermediates, 
with lower glucose-6-phosphate and higher fructose-6-phosphate and 
pyruvate levels in the trx1Δtrx2Δ double mutant during grape juice 
fermentation [31]. It seems that this regulation of cTRX system on 
glycolysis is more pronounced in stationary phase. In this work, we have 
shown that there is less abundance of Hxk1, Hxk2 and Glk1 and in the 
trehalose assimilation and glycogen metabolism. This downregulation of 
glycolysis could be explained by the fact that part of the energy involved 
in the glycolysis is redirected through pentose phosphate pathway (PPP) 
that is closely interconnected with glycolysis pathway. This redirection 
of the metabolic flux from glycolysis to the PPP can alter the redox 
equilibrium of the cytoplasmatic NADP(H) pool which provides the 
redox power for antioxidant systems [38]. For example, it has been 
known that in response to oxidant treatments, the glycolytic enzyme 
glyceraldehyde-3-phosphate dehydrogenase (GADPH) is inactivated 
and transported into the nucleus of the cell and has been found 
S-nitrosylated, S-thiolated, S-glutathionylated in numerous organisms 
[39]. Moreover, proteins implicated in PPP are induced under oxidative 
stress conditions. Cells with an increase influx to the PPP have a higher 
ratio of NADPH/NADP+ and have more resistance to oxidants [40]. 

We are aware that ROS cause a shift of the cellular redox state, 
resulting in alterations in the balance of NADH/NAD+ and NADPH/ 
NADP+. The absence of cytoplasmatic thioredoxin can produce a 
regulation of glycolysis and PPP, leading to imbalance of redox state of 
the cell and the activation of compensation mechanisms as increase 
antioxidant proteins, lysine metabolism, glutathione metabolism and 
glycerol metabolism and decrease the glycolytic flux. gpp1Δgpp2Δ 
double mutant produces small amount of glycerol and is hypersensitive 
to the superoxide anion generator, paraquat [41]. 

Moreover, in the line with this conclusion, we have shown that ATP 
synthesis is downregulated in the trx1Δtrx2Δ double mutant in sta-
tionary phase. Specifically, seven proteins related with ATP synthase 
complex are downregulated: Atp3 (0.46-fold), Atp7 (0.12-fold), Atp14 
(0.09-fold), Atp16 (0.47-fold), Tim11 (0.26-fold), Pma2 (0.32-fold) and 
Cyt1 (0.27-fold). 

Due to this important function, we studied the role of cTRX system on 
reversible oxidation cysteines using a thiol redox proteome assay. We 
have detected reversible oxidation of cysteines of proteins that are 
depend on cTRX system. One interested result is that cysteine 146 of 
Superoxide Dismutase 1 (Sod1) is redox regulated by the cTRX system. 
SOD1 is a Cu/Zn superoxide dismutase that catalyze the dismutation of 
superoxide into oxygen and H2O2. Sod1 has been extensively studied 
since its misfolding and aggregation are associated with the develop-
ment of neurodegenerative disease such as Amyotrophic Lateral Scle-
rosis (ALS), Parkinsońs and Alzheimer (Cys146-SO3H was isolated from 
Parkinsońs and Alzheimeŕs brains). As we mentioned in the introduction 
one part of ALS (10 %) is inherited (familiar ALS o fALS) caused by 
mutation in specific genes. Increase oxidative stress has been associated 
with both fALS and ALS by increasing protein oxidation. In 2011, Redler 
et al. showed that Cys-111 of SOD1 glutathionylation induces structural 
rearrangements which regulate the stability of the wt [15]. SOD1 of 
Saccharomyces cerevisiae there are only two cysteines (Cys57 and Cys 
146) but not Cys 111 (Supplem. Fig. 1). 
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In our results from the thiol redox proteome assay we discovered that 
Cys146 of Sod1 is reversible oxidized in a growth phase dependent 
manner (Fig. 4) and that Sod1 is glutathionylated in our conditions in an 
independent TRX1 and TRX2 way (Fig. 6). We have shown that in the 
trx1Δtrx2Δ double mutant there are more SOD1 activity than in the wt 
(Fig. 5A). This higher SOD activity and glutathionylation is not related 
with the role of Sod1 as a transcription factor (Fig. 5B). This work shows 
a new role of cTRX system on metabolism regulation depend on growth 
conditions. Moreover, tolerance of eukaryotic cells to oxidative stress 
may result in the identification of proteins that can work as therapeutic 
targets as metabolism proteins and a possible target against age related 
neurodegenerative diseases. 

Materials and methods 

Yeast strains, growth media and chronological life span measurement 

The yeast strains used in this work derive from C9 haploid strain 
[42]. To perform gene disruptions, recyclable selection marker loxP--
kanMX-loxP was amplified from plasmid pUG6 [43]. For multiple de-
letions recombinase cre under an inducible GAL promoter [44] were 
used to excise the kanMX marker. GFP tagging of Sod1 was made using 
plasmid pFA6-GFP-KanMX6 and MYC tagging of Sod1 for immunopre-
cipitation was made using plasmid pFA6a-13Myc-KanMX6 [45]. Yeasts 
were usually grown in rich YPD medium (1 % yeast extract, 2 % bac-
topeptone, 2 % glucose). Solid plates contained 2 % agar, and 20 μg 
mL− 1 geneticin if required. SC medium contained 0.17 % yeast nitrogen 
base, 0.5 % ammonium sulfate, 2 % glucose and 0.2 % drop-out mix with 
all the amino acids [46]. For spot test, SD medium (contained 0.17 % 
yeast nitrogen base, 0.5 % ammonium sulfate and 2 % glucose) was used 
and 35 mg/L of AEC was added. Cycloheximide was used on SD plates at 
1 µg/mL. 

For the CLS experiments, precultures of selected strains were grown 
overnight on YPD and were then inoculated in SC media at an OD600 of 
0.1. After 3 days of growth at 30 ◦C, aliquots were taken, diluted and 
plated. Colonies were counted and the percentage of survival was 
calculated by taking day 3 of growth as 100 % survival [29]. 

Glutathione determination 

For the oxidized and total glutathione, supernatant extracts were 
obtained from 100 mg of cells and were used for glutathione determi-
nation by the method of glutathione reductase [47] and [48]. For the 
glutathione linked to proteins, pellet extracts were employed and 
glutathione was measure as described in [49], but adapting to our 
growth conditions. The amount of glutathione was expressed as 
nmol/mg of cells. 

Co-inmunoprecipitation and western blot 

For western blotting, cells were taken and broken with one volume of 
glass beads in a buffer containing Tris–HCl 0.1 M pH 7.5, NaCl 0.5 M, 
MgCl2 0.1 M, NP40 1 % (v/v), PMSF 10 mM and protease inhibitors 
(complete Mini, EDTA-free from Roche). Protein concentration was 
measured by the Bradford method using the Bio-Rad Protein assay 
following the manufacturer’s instructions. Samples were diluted in 
loading buffer for SDS-PAGE (Tris–HCl 240 mM pH 6.8, SDS 8 % (p/v), 
glycerol 40 %, β-mercaptoethanol 10 %). After electrophoresis with an 
Invitrogen mini-gel device, the gel was blotted onto PVDF membranes 
with a semy-dry device (Invitrogen) for the Western blot analysis. 
Membranes were incubated overnight with the primary antibody at 4◦. 
The ECL Western blotting detection system (Amersham) was used 
following the manufactureŕs instructions. The anti-GSH antibody was 
obtained from Virogen (101-A), anti- Sod1 was obtained from Chemicon 
(AB5482) and the anti-MYC antibody was obtained from Santa Cruz 
Biotechnology (9E10: sc-40). 

For Immunoprecipitation, cells from 50 mL/sample of mid- 
exponential phase YPD culture was pelleted, the pellet was washed 
with cold water and pelleted again, washed with 1 mL lysis buffer (50 
mM Tris–HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 10 % Glycerol, 5 mM 
MgCl2 and protease-inhibitor cocktail). Cells were broken in 0.35 mL 
lysis buffer by beads at 4 ◦C in a FastPrep®− 24. The extract was pelleted 
at 12,500 rpm at 4 ◦C and the supernatant was used for subsequent 
analyses. Three aliquots were taken for analysis: one for input protein 
levels, one of non-retention fraction and one of immunoprecipitation 
part. Anti-Myc Beads (anti-c-myc agarose affinity gel antibody, Sigma 
A7470) were prewashed with lysis-buffer (100 mL) before being pel-
leted by centrifugation at 1000 rpm, 1 min, washed three times with 
lysis buffer and boiled at 95 ◦C, 5 min with loading buffer for SDS-PAGE. 

Proteomic analysis 

Three cultures of C9 and C9 trx1Δtrx2Δ were grown in complete 
synthetic medium, which were taken in the exponential and in station-
ary phase. We followed the protocol described by [22,23]. For the 
proteome global analysis, cells were harvested and the pellet was 
washed twice with water and redissolved in lysis buffer (8 m urea, 100 
mm NEM, 50 mm Tris-Cl, 2 mm EDTA, 0.1 % (v/v) Triton X-100, and 2 
mm PMSF, pH 8.0) containing washed sea sand. Cells were obtained 
through cryogenic homogenization with liquid nitrogen. Samples were 
centrifuged at 15,000 × for 10 min at 4 ◦C to obtain the protein extract. 
Three independent cultures were used per strain. Samples were analyzed 
by liquid chromatography and mass spectroscopy (LC-MS/MS). The LTQ 
Orbitrap operated in the parallel mode with a resolution setting at 30, 
000 of width at half height within the 400–1500 m/z range, followed by 
five collision-induced dissociations activated MS/MS in the DDA mode 
("data-dependent acquisition mode") to select the most abundant 
masses. The maximum injection times for MS and MS/MS were 500 ms 
and 50 ms, respectively. Monoisotopic precursors were selected by 
excluding the species with charge +1, and normalized collision energies 
of 35 % for CID ("collision induced dissociation") were used. The mini-
mum intensity threshold for MS/MS was 1000 accounts. MS/MS spectra 
were analyzed with the SEQUEST search engine against Uniprot data-
base of S. cerevisiae (www.uniprot.org). We used the software for 
quantification "label-free" Progenesis QI for Proteomics (Non-Linear 
Dynamics, Waters) using the digital image files that contained all the 
data of the image captured by the sensor (RAW). The peptide signals 
represented in the retention time versus the m/z ratio were aligned and 
quantified from the "area under the curve" (AUC) to produce a list of 
peaks, which were grouped and identified with the Proteome Discoverer 
search engine (v 1.4) against the UniProt database. 

For the thiol redox proteome, it was used the differential cysteine 
labeling with d(0)NEM and d(5)NEM ([22] and [23]) for the selection of 
peptides with a thiol group susceptible of reversible oxidation. Protein 
extracts for redox analysis were extracted in the presence of thiol 
blocking buffer containing d(0) NEM. Protein extracts for redox analysis 
were desalted using Zeba spin desalting columns (Thermo Scientific, 
Hemel, Hempstead, UK). Two hundred micrograms of the desalted 
protein extract was diluted up to 160 μL with 25 mM ammonium bi-
carbonate and denatured by addition of 10 μL of 1 % w/v RapiGest 
(Waters, Manchester, UK) in 25 mM ammonium bicarbonate and fol-
lowed by incubation at 80 ◦C for 10 min. Reversibly oxidized 
Cys-residues were reduced by the addition of 10 μL of 100 mM TCEP and 
incubated at 60 ◦C for 10 min. Cys-residues that were reduced at this 
stage were subsequently alkylated with 10 μL of 200 mM d(5) NEM and 
incubated at room temperature for 30 min. 2 μg of trypsin (Sigma, Poole, 
UK) was added to the samples followed by incubation overnight at 
37 ◦C. Cys-containing peptides detected independently with the same 
amino acid sequence with both d(0) NEM and d(5) NEM modification, 
with a p-value equivalent of 0.01 were considered "redox peptides". With 
all these redox peptides, a list was developed for targeted analysis using 
m/z data, retention times, and fragmentation spectra with open-source 
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Skyline software [50]. This analysis allowed to calculate the “reduced / 
oxidized” ratio (d (0)/d (5) NEM) of each Cys-from the intensities of 
each individual parental ion (Supplemental Table 1 and 2). Free soft-
ware such as STRING (http://stringdb.org/cgi/network.pl) was used to 
view the functional group enrichments of each of the experiments, and 
VENNY (http://bioinfogp.cnb.csic.es/tools/venny /) for obtaining Venn 
diagrams. 

Superoxide dismutase zymogram analysis and catalase activity 

Cell samples (50 mg) were collected at exponential and stationary 
phase for protein extraction. Cells were resuspended in 500 μl extraction 
buffer (0.05 M Tris–HCl pH 8.5), a cocktail of protease inhibitors 1X 
(Roche, Switzerland) and 0.4 g of glass beads. Cells were broken in a 
FastPrep®− 24 at 5.0 m s− 1 for 30 s twice. Protein samples were sepa-
rated by 10 % native acrylamide gel electrophoresis (running buffer: 
3.03 g l− 1 Tris, 14.41 g l− 1 glycine) for 2 h at 15 mA and at 4 ◦C. Next, 
gel was immersed in a SOD-staining solution: 0.05 M Tris–HCl pH 8.0, 
0.125 mg ml− 1 MTT 3-(4–5(dimethylthiazol-2-yl)2–5-diphenylte-
trazolium bromide, 0.07 mg ml− 1 phenazine methosulphate (PMS) and 
0.18 mg ml− 1 MgCl2. Gels were then exposed to sunlight for 5–10 min to 
visualize the corresponding SOD white bands on a orange background 
[51]. 

For catalase activity, extracts were obtained from 50 mg of cells and 
assayed spectrophotometrically as described by Jakuboswski (Jaku-
boswski et al., [52]). Enzyme activity was calculated using an extinction 
coefficient of 43,66 M–1cm–1 for H2O2 and catalase activity was 
expressed as µmol of H2O2 min–1 mg of protein–1 (U/mg prot) 
(Gamero-Sandemetrio et al., [25]). 

Microscopy 

The GFP-labeled cells were directly observed in the complete syn-
thetic medium. For Tsa1- GFP aggregation cells were treated with 
hydrogen peroxide (H2O2) 0.6 mM and L-Azetidine–carboxylic acid 
(AZC, A0760 Merck) 5 mM. For Sod1 nuclear localization, cells were 
treated with 5 µg/mL 4-Nitroquinoline N-oxide (4NQO, N8141 Merck) 
for 1 h. Cells were visualized with the right filter under a Nikon Eclipse 
90i fluorescence microscope. 
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