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Introduction 
 

 

Mitochondria are both producers and targets of reactive oxygen species (ROS). A 

well-balanced equilibrium between mitochondrial ROS production and their elimination 

is critical for the control of redox-mediated cell signaling processes1. By disposing 

ROS, glutathione (γ-glutamylcysteinylglycine, GSH) is thought to be the main small 

thiol antioxidant derivative2,3. GSH is synthesized exclusively in the cytosol in two 

consecutive ATP-requiring steps, the first of which, and rate-limiting, being γ-

glutamylcysteine formation by glutamate-cysteine ligase (GCL); glutathione synthetase 

(GSS) then forms the tripeptide by linking glycine to γ-glutamylcysteine2,3. It is well 

documented that pharmacological inhibition of GCL activity4 or knockdown of the 

catalytic GCL subunit5 increases ROS abundance, which mediates cellular damage; 

GCL genetic deletion is embryonically lethal6,7. 

 

Interestingly, GSH is dispensable for the cell growth of Saccharomyces cerevisiae 

genetically deleted of GSS8. In addition, it has been recently demonstrated that, in S. 

cerevisiase devoid of GSS, GSH is essential for iron-sulfur cluster assembly, but not for 

thiol-redox control9. Both in yeast8 and in human fibroblasts10, genetic GSS deletion 

results in γ-glutamylcysteine accumulation. 
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Hypothesis and objectives 

 

 

Hypothesis 

 

At the light of the previous observation, we hypothesized whether the antioxidant 

function of GSH might be adopted by γ-glutamylcysteine. 

 

General objective 

We aimed to investigate whether –and if so, how– γ-glutamylcysteine detoxifies 

hydrogen peroxide (H2O2) and superoxide anion (O2
•–) under intact, physiological GSH 

concentrations. 

 

Specific objectives 

 

1. To design and obtain a plasmid construct to target the biosynthesis of γ-

glutamylcysteine to mitochondria, an organelle that could not further transform 

γ-glutamylcysteine into GSH due to the absence of GSS11. 

 

2. To investigate the possible function of γ-glutamylcysteine at detoxifying ROS 

in mitochondria and intact cells. 

 

3. To study whether γ-glutamylcysteine modulates celular thiol redox status and 

survival. 

 

4. To investigate the possible neuroprotective role of γ-glutamylcysteine in 

neurodegeneration paradigms, both in vitro and in vivo. 
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Results  

 

 

 

To direct γ-glutamylcysteine synthesis to mitochondria, the full-length cDNA 

encoding the catalytic GCL subunit was fused with the mitochondrial targeting signal of 

ornithine transcarbamylase. When expressed in HEK293T cells, this construct 

(mitoGCL) yielded a GCL protein that was confined to mitochondria and absent in the 

cytosol, as revealed by western blotting after cellular fractionation (Fig. 1a) and 

confocal microscopy (Fig. 1b). In contrast, expression of untagged GCL was 

exclusively present in the cytosol (Fig. 1a,b). Whole cell extracts expressing mitoGCL 

revealed a super-shifted anti-GCL band that was not present in the untagged GCL-

expressing cells or in the mitoGCL-transfected mitochondria (Fig. 1c), suggesting that 

only the mitochondrial-targeting epitope-processed form of the protein was present in 

the mitochondrial fraction. 

 

Then, we assessed whether expressed mitoGCL yielded functional GCL within 

mitochondria. As shown in Fig. 2a, GCL activity was undetectable in mitochondria 

isolated from control cells, but present in mitoGCL-transfected cells. Furthermore, 

neither mitochondrial (Fig. 2b, left panel) nor cytosolic (Fig. 2b, right panel) GSH 

concentrations changed by mitoGCL expression. Expression of mitoGCL prevented the 

conversion of GSH to its oxidized form (GSSG) caused by rotenone (Fig. 2c). 

Interestingly, H2O2 detection was significantly diminished by mitoGCL expression, as 

measured both in mitochondria (Fig. 3a -left panel- and 3b) and in intact cells (Fig. 3a, 

right panel).  
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Figure 1. Targeting of glutamate-cysteine ligase (GCL) to mitochondria (a) Expression of GCL fused 

with the mitochondrial epitope of ornithine transcarbamylase (mitoGCL) in HEK293T cells shows its 

localization in the mitochondrial, not in the cytosolic fraction, as judged by Western blotting. Native 

(untagged) GCL is exclusively expressed in cytosol.  (b) Confocal images show co-localization of 

mitoGCL with the mitochondrial marker mitoDsRed, whereas native GCL showed typical cytosolic 

diffused pattern. Cells nuclei were stained with DAPI. Scale bar=10 µm. (c) Whole extracts of cells 

expressing mitoGCL shows both native and mitochondrial-tagged GCL, as judged by the loss of the super-

shifted band in the mitochondrial fraction. VDAC, Voltage Dependent Anion Channel; GAPDH, 

glyceraldehyde-3-phosphate dehydrogenase. 
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Figure 2. MitoGCL is functional in mitocondria and prevents GSH oxidation without modifying its 

levels (a) MitoGCL is functional, as judged by the presence of GCL activity (synthesis of γ-

glutamylcysteine, γGC) in the mitochondrial fraction (b) Mitochondrial (left panel) or cytosolic (right 

panel) GSH concentration was unaltered by mitoGCL expression. (c) Rotenone (1 µM/4 h) decreased the 

reduced form of glutathione (GSH), and increased its oxidized form (GSSG) that was prevented by 

expression of mitoGCL in HEK293T cells. ; ND, not detected; *p<0.05 (ANOVA). 
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Figure 3. H2O2 detoxification by mitoGCL (a) The rate of H2O2 production (AmplexRedTM), after 

treatment with 10 µM rotenone , significantly decreased (right panel). (b)  Measurement of the rate of 

H2O2 detection by the AmplexRed method evidenced significant decrease in detected H2O2 in intact 

HEK293T cells. (c) The increase in mitochondrial H2O2 detection caused by rotenone (10 µM/15 min) 

was prevented by mitoGCL, as judged by the fluorescence emitted from the expression of the 

mitochondrial-tagged plasmid probe, pHyPer-dMito, in intact HEK203T cells; scale bar=50 µm.  

*p<0.05 (ANOVA). 
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To confirm that GCL activity wholly accounted for ROS down-modulation, we 

expressed (Fig. 4a) a E103A mutant12, inactive (Fig. 4b) form of mitoGCL. We found 

that rotenone-induced mitochondrial O2
•– was significantly decreased by wild type 

mitoGCL, but not by the E103A inactive form (Fig. 4c). These data confirm that γ-

glutamylcysteine is required for the observed antioxidant function.  

 

 
 

 

 

 

 

 

 

 

 

To decipher how γ-glutamylcysteine detoxified ROS but otherwise avoiding the 

influence of cytosolic GCL, we expressed a silent mutant mitoGCL form 

(mitoGCL(mut)) refractory to the action of a small hairpin RNA against GCL (shGCL)5, 

in HEK293T cells (Fig. 5a). Knocking down GCL dramatically reduced total cellular 

GSH in both mitoGCL and mitoGCL(mut) transfected cells (Fig. 5b). GCL knockdown 

was insufficient to trigger a significant increase in mitochondrial O2
•–, but this was 

Figure 4. ROS down-modulation relies on GCL activity in mitochondria (a) Expression of the 

wild type and the E103A mutant forms of mitoGCL showed identical protein abundance. (b) The 

E103A mutant mitoGCL form is inactive, as judged by the lack of γGC formation in transfected cells; 

(c) Rotenone (1 µM/4 h) induced an increase in mitochondrial superoxide anion (O2
•–) abundance, as 

revealed by MitoSox fluorescence detection followed by flow cytometry; this increase was partially 

prevented by the wild-type, but not by the E103A mutant inactive mitoGCL form (right panel). The 

cytosolic enzyme GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used to assess equal 

loading in immunoblots. *p<0.05 (ANOVA; n=3 independent experiments).  
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strongly potentiated by rotenone, and rescued by mitoGCL(mut) (Fig. 5c). Thus, in 

unstressed HEK293T cells, γ-glutamylcysteine may not contribute to the basal O2
•– 

regulation that can occur in primary neurons, in which we previously reported a 

significant increase in O2
•– by shGCL13. It therefore appears that the impact of γ-

glutamylcysteine as a physiological redox regulator differs amongst cell types.  

 

 
 

 

 

 

 

 

 

Figure 5. MitoGCL protects against ROS in cells after down-regulation of native GCL (a) 

Expression of a shRNA against GCL (shGCL) in HEK293T cells efficiently knockdowns wild type 

mitoGCL, but not a mutant form of mitoGCL (mitoGCL(mut)) that is refractory to shGCL.  (b) Total 

cellular GSH concentration was efficiently decreased 3 days after transfection of HEK293T cells with 

an shRNA against GCL (shGCL) in the presence of wild type mitoGCL, but not in the presence of the 

shGCL-refractory form, mitoGCL(mut). (c) Treatment of cells with rotenone (1 µM; 4 h) increased 

mitochondrial O2
•–, as revealed by MitoSox fluorescence; this was further enhanced by GCL silencing 

(shGCL), and rescued by mitoGCL(mut) expression; GCL silencing in the absence of rotenone did not 

significantly modify mitochondrial O2
•– in HEK293T cells. *p<0.05 (ANOVA). 
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Next, we knocked down GSS (Fig. 6a), which resulted in endogenous γ-

glutamylcysteine accumulation and GSH decrease (Table 1). We found that GSS 

knockdown abolished the increase in rotenone-induced O2
•–, both in the absence (Fig. 

6b, right panel) and in the presence of mitoGCL (Fig. 6b, left panel). 

 
 

 

 

 

 

 
 

 

 

 

Figure 6. Enzimatic systems involved in ROS detoxification by mitoGCL (a) Western blots showing 
the efficacy of different siRNAs, used at 100 nM for 3 days in HEK293T cells, against glutathione 
synthetase (GSS), glutathione peroxidase-1 (GPx1), glutathione reductase (GSR) and superoxide 
dismutase-2 (SOD2); control siRNA is siRNA against luciferase; GAPDH (glyceraldehyde-3-phosphate 
dehydrogenase) was used as loading control.  (b) Rotenone (1 µM; 4 h) increased mitochondrial O2

•–, as 
judged by MitoSox fluorescence, in both wt (right panel) and mitoGCL-expressing cells (left panel); this 
effect was abolished by GSS silencing and enhanced by GPx1 knockdown; silencing GSS did not rescue 
the increase in O2

•– caused by GPx1 knockdown; GSR silencing did not alter, and SOD2 silencing 
enhanced rotenone-induced ROS. *p<0.05; #p<0.05 versus siControl (mitoGCL) (ANOVA). 

Table 1. Concentrations of reduced and oxidized γ-glutamylcysteine, and reduced glutathione 
(GSH), after GSS knockdown in HEK293 cells. Results are mean ± SEM values (n=8-10); *p<0.05 
versus siControl (ANOVA); ND, not detected. 
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We then sought to elucidate if γ-glutamylcysteine served as a glutathione peroxidase 

cofactor. Since glutathione peroxidase-1 (GPx1) largely accounts for mitochondrial 

H2O2 detoxification14, we knocked down it (Fig. 6a), which resulted in a significant 

enhancement of rotenone-induced O2
•– (Fig. 6b). Furtherfmore, GSS knockdown was 

unable to decrease O2
•– levels during GPx1 silencing (Fig. 6b). The oxidized form of γ-

glutamylcysteine was undetectable in cultured cells (Table 1), but it was present in all 

tissues analyzed in vivo (brain, liver and kidney; Table 2). Knocking down glutathione 

reductase (GSR) failed to enhance rotenone-induced O2
•– (Fig. 6b). To disregard a direct 

interaction of γ-glutamylcysteine with O2
•–, we silenced the mitochondrial isoform of 

superoxide dismutase (SOD2) (Fig. 6a), which enhanced rotenone-induced O2
•– (Fig. 

6b).  

 

 

 

 

 

The ability of either γ-glutamylcysteine or its cognate cofactor, GSH, to dispose 

H2O2 in vitro was then assessed in the absence or presence of purified GPx1. As shown 

in Figure 7a, γ-glutamylcysteine and GSH were unable to detoxify H2O2, unless GPx1 

was present; γ-glutamylcysteine dose-dependently accelerated GPx1-mediated H2O2 

disposal at a similar efficiency to that by GSH, at least at low concentrations of the 

thiols (Fig. 7a). GSR failed to improve the GPx1-dependent ability of γ-

glutamylcysteine, but not that of GSH, at disposing H2O2 (Fig. 7b). We also tested the 

ability of γ-glutamylcysteine to induce protein modification, which was found to be well 

below that of GSH (Table 3). 

 

Table 2. Concentrations of reduced and oxidized forms of γ-glutamylcysteine, and reduced 

glutathione (GSH) in different tissues in adult male mice in vivo. Results are mean ± SEM values 

(n=7-8 mice). 
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Figure 7. γ-Glutamylcysteine (γGC) is a glutathione peroxidase-1 (GPx1) cofactor at detoxifying 

mitochondrial H2O2.  (a) γGC or GSH dose-dependently disposed H2O2 in vitro only when GPx1 was 

present. (b) H2O2 disposal by GPx1 was not potentiated by GSR in the presence of 200 µM γGC, but it 

was in the presence of 200 µM GSH.  (c) Thiol-redox modification of proteins by γ-glutamylcysteine 

or glutathione after expression of mitoGCL in HEK293 cells. ND, not detected. 
 
 

Table 3. Thiol-redox modification of proteins by γ-glutamylcysteine or glutathione after 
expression of mitoGCL in HEK293 cells. Results are mean ± SEM values (n=3); ND, not detected. 
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Neurons are particularly vulnerable against excess ROS hence requiring continuous 

supply and regeneration of GSH for survival15. We therefore investigated the possible 

efficacy of γ-glutamylcysteine at detoxifying ROS in (patho)physiologically relevant 

neuronal death models. Glutamate treatment increased mitochondrial O2
•– in rat primary 

neurons (Fig. 8a, d), an effect that was abolished by the N-methyl-D-aspartate (NMDA) 

receptor antagonist16, MK801 (Fig. 9c, left panel). Expression of mitoGCL in neurons 

was sufficient to decrease basal mitochondrial O2
•– (Fig. 8a), which contrasts with the 

lack of effect in HEK293T cells (Fig. 4c). 

 

The different response of these cells to mitoGCL expression is likely due to the 

above-mentioned vulnerability of neurons to oxidative stress15 versus the resistance of 

HEK293T cells (Fig. 5c). Furthermore, mitoGCL, but not its inactive E103A mutant 

form, prevented the increase in mitochondrial O2
•– induced by glutamate-receptor 

stimulation (Fig. 8a). GPx1 – but not GSS or GSR– knockdown (Fig. 8b) significantly 

enhanced O2
•– (Fig. 8c), despite neurons expressed mitoGCL, indicating that GPx1 use 

of γ-glutamylcysteine is essential for γ-glutamylcysteine-mediated O2
•– detoxification in 

this model of excitotoxicity. Glutamate triggered an increase in the proportion of 

neurons with annexin V+/7-AAD– staining (Fig. 9a) and with active caspase-3 (Fig. 9b), 

indicating an intrinsic (mitochondrial) mode of apoptotic death; this was prevented by 

antagonizing the NMDA receptors (Fig. 9c, middle and right panels). Notably, 

mitoGCL largely –but not fully– prevented the rise in the percentage of neurons with 

the apoptotic phenotype (Fig. 9a,b). In addition, mitoGCL abolished O2
•– enhancement 

triggered by other mitochondrial ROS-inducing agents17,18, such as rotenone, antimycin 

and 3-nitropropionic acid (3NP) (Fig. 9d). 
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Figure 8. Mitochondrial γGC potently down-modulates glutamate-derived ROS in primary neurons 
(a) Transfection of rat primary neurons with mitoGCL, but not with its inactive form (mitoGCL(E103A)), 
significantly decreased basal levels of mitochondrial O2

•–, as quantified by MitoSox fluorescence in the 
transfected neurons (identified by GFP+ fluorescence); mitoGCL –but not mitoGCL(mut)– fully prevented 
glutamate (100 µM/5 min)-induced mitochondrial O2

•–, as quantified 24 h after glutamate treatment, by 
MitoSox fluorescence. (b) Western blots showing the efficacy of siRNA duplexes, used at 100 nM for 3 
days in primary neurons, against glutathione synthetase (GSS), glutathione peroxidase-1 (GPx1) and 
glutathione reductase (GSR). siRNA against luciferase is siControl; GAPDH (Glceraldehide phosphate 
dehidrogenase). (c) Silencing glutathione peroxidase-1 (siGPx1), but not glutathione synthetase (siGSS) or 
glutathione reductase (siGSR), significantly enhanced glutamate-mediated mitochondrial ROS in mitoGCL-
expressing neurons; such enhancement was not affected by GSS co-silencing. (d) Real-time fluorescence 
imaging of rat primary neurons incubated with the mitochondrial probe, MitoSox, revealed increased ROS 
detection by glutamate treatment (40 µM/15 min) in efficiently transfected neurons (GFP+) with the empty 
vector, but not with the vector expressing mitoGCL; scale bar=10 µm. *p<0.05; #p<0.05 versus siControl 
(mitoGCL) (ANOVA). 
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Figure 9. MitoGCL prevents ROS from neurotoxic insults and apoptosis triggered by glutamate 
NMDA mediated excitotoxicity (a) mitoGCL expression prevented neuronal apoptotic death, as revealed 
by annexin V+/7-AAD- neurons 24 h after glutamate treatment (100 µM/5 min). (b) Expression of 
mitoGCL rescued the increase in active caspase-3 GFP+-neurons triggered by glutamate. (c) Blockade of 
N-methyl-D-aspartate (NMDA) receptor with its antagonist, MK801 (1 µM) prevented the increase in 
mitochondrial ROS (MitoSox fluorescence; left panel), active caspase-3 neurons (middle panel), and 
apoptotic (annexin V+/7-AAD-) neurons (right panel), triggered by the incubation with glutamate (100 
µM/5 min). (d) MitoGCL prevented the increase in mitochondrial ROS caused by incubation of neurons 
with rotenone (Rot, 10 µM), antimycin A (AA, 10 µM) or 3-nitropropionic acid (3NP, 2 mM) for 15 min.  
*p<0.05 (ANOVA). 
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To confirm that γ-glutamylcysteine exerted neuroprotection in vivo, lentiviral 

particles expressing wild type or inactive (E103A) mitoGCL were stereotaxically 

injected  into the striatum of adult mice. After three days, striatal GCL activity was 

significantly higher in mice injected with mitoGCL than in those injected with inactive 

mitoGCL(E103A), whereas striatal GSH concentrations remained unchanged (Fig. 10a). 

 

Three days after lentiviral injections, mice were intraperitoneally injected with 3NP 

(seven doses of 50 mg/kg, twice per day), a well described model of 

neurodegeneration18. Indeed, we observed that 3NP treatment induced a significant 

increase in neuronal apoptotic death in the striatum, as judged by TUNEL assay, in the 

mice pre-injected with inactive mitoGCL(E103A), but not in those pre-injected with 

wild type mitoGCL (Fig. 11a,b). Notably, there was a significant loss of striatal neurons 

in the mice pre-injected with the inactive mitoGCL(E103A), but not in those pre-

injected with the wild type mitoGCL (10c, 11c) Mice treated with vehicle instead of 

3NP showed no neuronal loss, regardless of the isoform of mitoGCL (wild type or 

inactive) pre-injected (10c, 11c).  

 

To evaluate behavioral function, these mice were tested for motor coordination and 

balance. As shown in Fig. 10b, 3NP treatment induced a progressive motor impairment 

in the mice that were pre-injected with the inactive mitoGCL(E103A), but not in those 

pre-injected with the wild type mitoGCL; mice treated with vehicle instead of 3NP 

showed no motor impairment, regardless of the isoform of mitoGCL (wild type or 

inactive) pre-injected (Fig. 10b). 
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Figure 10. Mitochondrial γGC exerts in vivo neuroprotection (a) Intraestriatal stereotaxic injection 

of mitoGCL-containing lentiviral particles in mouse significantly increased, after 3 days, striatal GCL 
activity without altering GSH concentration. (b) Three days after lentiviral particles injections, 3NP 
was intraperitoneally injected, which induced, 3 days later, a progressive motor impairment (rotarod 
test) in mice pre-injected with inactive mitoGCL(E103A), but with wild type mitoGCL; mice treated 
with vehicle, instead of 3NP, showed no neuronal loss, regardless of the isoform of mitoGCL (wild 
type or inactive) pre-injected. (c) Fluorescence images of coronal sections of mouse brain slices show 
the survival of neurons (NeuN+) efficiently transduced (GFP+) with mitoGCL, and the loss of neurons 
transduced with the mutant inactive mitoGCL(E103A), in the striatum of mice subjected to the 3-
nitropropionic (3NP) model of neurodegeneration; scale bar=200 µm. *p<0.05* ; §p<0.05 versus all 
conditions on each day (ANOVA); Student’s t test for panel a. n=6-8 mice for panel b 
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Figure 11. Mitochondrial γGC improves neuronal survival in vivo (a) Confocal images of striatal 

sections showing neuronal apoptotic death. Three days after lentiviral particles injections, 3NP was 
intraperitoneally injected (seven doses of 50 mg/kg, twice per day), which induced a significant 
increase in neuronal apoptotic death (TUNEL+/Neu+ cells) in the striatum, in the mice pre-injected 
with inactive mitoGCL(E103A), but not in those pre-injected with wild type mitoGCL; scale bar=20 
µm. (h) This panel shows the quantitative data of panel g. (i) Three days after lentiviral particles 
injections, 3NP was intraperitoneally injected, which induced, 3 days later, a significant loss of striatal 
NeuN+ neurons only in the mice that received inactive mitoGCL(E103A), but not in those that 
received wild type mitoGCL; mice treated with vehicle instead of 3NP showed no neuronal loss 
regardless of the isoform of mitoGCL (wild type or inactive) lentiviral particles injected; the 
quantitative analysis is shown.*p<0.05* (ANOVA); Student’s t test for panel b.  
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Discussion 

 

 

Here we show that γ-glutamylcysteine is a thiol-redox regulator that efficiently 

detoxifies mitochondrial ROS. This was evidenced by confining γ-glutamylcysteine 

synthesis to mitochondria, which were unable to convert the newly synthesized γ-

glutamylcysteine into GSH due to the lack of mitochondrial GSS11. Thus, down-

modulation of mitochondrial ROS by γ-glutamylcysteine took place under physiological 

GSH concentrations. Furthermore, the robust antioxidant protection observed in intact 

GSS-knockdown cells corroborates such a role by endogenous γ-glutamylcysteine. 

Notably, impairing γ-glutamylcysteine biosynthesis in the cytosol, but not in 

mitochondria, still allowed γ-glutamylcysteine to efficiently detoxify ROS. Together, 

these results indicate that the antioxidant action of γ-glutamylcysteine takes place 

regardless of GSH concentrations, thus cannot simply rely on its ability to replenish 

GSH, as it can be seen in other paradigms19. 

 

Our results also reveal that GPx1 is an essential component in the detoxifying redox 

cycle of γ-glutamylcysteine. Furthermore, the occurrence of an oxidized form of γ-

glutamylcysteine in all tissues analyzed, in vivo, strongly suggests the notion of a γ-

glutamylcysteine redox cycle. However, knocking down glutathione reductase (GSR) –

presumably required for an eventual regeneration of reduced γ-glutamylcysteine from 

its oxidized form– failed to enhance O2
•–. The biochemical pathway responsible for the 

reduction of γ-glutamylcysteine from its oxidized form therefore remains to be 

elucidated. On the other hand, a putative function of γ-glutamylcysteine as direct 

superoxide anion scavenger is disregarded, since SOD2 knockdown could not further 

enhance rotenone-induced O2
•–. Our data obtained by knocking down GPx1, both in the 

human HEK293T cells and in rat neurons, together with the in vitro experiments, 

strongly suggest that endogenous γ-glutamylcysteine is a GPx1 cofactor for H2O2 

detoxification. It cannot be ruled out that γ-glutamylcysteine could also act as a cofactor 

for other isoforms of the glutathione peroxidase family; however, GPx1 largely 

accounts for most mitochondrial H2O2 detoxification14, suggesting a major role for this 
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isoform. Moreover, previous studies have shown that GPx1 can accept, albeit at a much 

lower efficiency, a range of thiol-derivatives besides GSH as the electron donor20. The 

essential cysteinyl-sulfhydryl and glutamyl-carboxylic groups for GPx1 active site 

interaction and catalysis14 are both preserved in γ-glutamylcysteine, indicating the 

structural feasibility for this function. 

 

Due to its very low ability to synthesize and regenerate GSH, the brain is one of the 

most vulnerable tissues to excess ROS15,21. In Parkinson’s disease, there is a ~60% 

reduction in GSH concentration in the substantia nigra of presymptomatic patients22, 

suggesting GSH deficiency as one of the earliest biochemical signs of this disorder. 

Moreover, signs of excess ROS are associated with the pathophysiology of other 

neurodegenerative diseases, such as Alzheimer’s, or disorders affecting motor 

functional disturbances such as Amyotrophic Lateral Sclerosis or Huntington’s 

disease23. At the light of our data, GPx1 is essential for γ-glutamylcysteine-mediated 

ROS detoxification and neuroprotection against different insults triggering 

neurodegeneration in primary neurons. Furthermore, we also show neuroprotection and 

motor improvement in an in vivo mouse model of neurodegeneration18. Thus, targeting 

γ-glutamylcysteine to neuronal mitochondria represents an improvement over the 

protection activity of neighboring astrocytes24,25. 

 

In conclusion, our results demonstrate that γ-glutamylcysteine is a thiol-redox 

regulator that efficiently detoxifies mitochondrial ROS through GPx1. In the presence 

of γ-glutamylcysteine taking an antioxidant function, GSH stops from being oxidized; 

moreover, the ability of γ-glutamylcysteine to induce protein modification is well below 

that of GSH. Thus, when γ-glutamylcysteine takes the antioxidant functions, GSH 

utilization may be preserved for iron-sulfur cluster assembly and protein thiol-redox 

modifications, as recently reported9. How the antioxidant role of γ-glutamylcysteine is 

regulated under (patho)physiological conditions now needs to be deciphered. In this 

context, it should be noted that, besides GCL, alternative pathways can account for 

intracellular γ-glutamylcysteine2,3. For instance, γ-glutamyltransferase (GGT) forms γ-

glutamylcysteine at the extracellular side of the plasma membrane and then is taken up 

by the cells through the glutamyl-amino acid transporter2. It would be interesting to 

investigate if increased γ-glutamylcysteine could explain the drug resistance observed in 

tumors associated with GGT overexpression26. In addition, whether GSH deficiency is 
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the prime mode of the pro-oxidant actions of the GCL/GSS/glutamyl-amino acid 

transporter inhibitor, L-buthionine sulfoximine4 needs to be revisited. Finally, our 

results, showing neuroprotection by mitochondrial-targeted γ-glutamylcysteine 

biosynthesis, supports the oxidative hypothesis of neurodegeneration27. Whilst classical 

antioxidant drugs failed in clinical trials against neurodegenerative disorders28, 

mitoGCL, by acting as a persistent antioxidant source for mitochondria, may represent a 

new gene therapy strategy to improve the transient efficacy of the formers. 
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Methods 

 

 

1. Plasmids construction.  

 

The 5’-end of the full-length cDNA (2,023 bp) encoding the catalytic subunit of 

human glutamate-cysteine ligase (GCL; GenBank™ accession number NM_012815)5 

was fused with a cDNA fragment encoding the first 32 amino acids of human ornithine 

transcarbamylase (GenBank™ accession number NM_000531), previously shown to 

represent the mitochondrial-targeting signal40,41. The forward and reverse 

oligonucleotides of this fragment were, respectively: 

 5’-

GATCTATGCTGTTTAATCTGAGGATCCTGTTAAACAATGCAGCTTTTAGAAA

TGGTCACAACTTCATGGTTCGAAATTTTCGGTGTGGACAACCACTACAAG-3’ 

and 

 5’-

AATTCTTGTAGTGGTTGTCCACACCGAAAATTTCGAACCATGAAGTTGTGAC

CATTTCTAAAAGCTGCATTGTTTAACAGGATCCTCAGATTAAACAGCATA-3’ 

(BglII and EcoRI sites underlined) (Thermo Scientific, Offenbach, Germany). The fused 

cDNA construct (mitoGCL) was inserted in pIRES2-EGFP (Invitrogen) vector and 

sequence-verified; mitoGCL was then subcloned into pcDNA3.1+ (Invitrogen) and into 

pIRES2-DsRed2 (Clontech, Laboratories Inc. Palo Alto, CA, USA) with NheI/SmaI or 

NheI/XmaI restriction enzymes, respectively. To direct GCL expression to the cytosol 

we used non-tagged GCL5. To knockdown GCL we used a vector-based small hairpin 

RNA (shRNA) approach using the targeting sequence 5’-

GAAGGAGGCTACTTCTATA-3’, as we previously described5. For control 

transfections, we used the firefly luciferase-targeted oligonucleotide 5’-

CTGACGCGGAATACTTCGA-3’, as previously described29. In all cases, the forward 

and reverse 64 nt-long oligonucleotides (Isogen Life Science, Maarsen, The 

Netherlands) were annealed and inserted into the BglII/HindIII sites of pSuper-neo/GFP 

vector (OligoEngine, Seattle, WA). These constructions express 19-bp, 9-nucleotide 
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stem-loop shRNAs, targeted against the catalytic subunit of human GCL or luciferase 

mRNAs. The concomitant expression of green fluorescent protein from these pSuper-

neo/GFP-derived vectors allowed the identification of transfected cells by fluorescence 

microscopy and flow cytometry. 

 

 
 

 

 

 

 

 

1.1. Site-directed mutagenesis.  

 

To generate a mutant form of mitoGCL refractory to the shRNA against GCL 

(mitoGCLmut) we used the site-directed mutagenesis QuikChange XL kit (Stratagene, 

Scheme I. MitoGCL plasmid construction. Restriction sequences containing the BglII and EcoRI 
motifs were added to the mitochondrial leading sequence of ornithine transcarbamylase (OTC). Then, 
OTC mitochondrial epitope was subcloned fused to the N-terminal domain of GCL sequence in the 
multiple cloning site (MCS) of a pIRES2-EGFP, giving the final construction pIRES-MitoGCL. 
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La Jolla, CA, USA), followed by DpnI digestion. The forward and reverse 

oligonucleotides of the sequence 5'-GAAAGAAGCCACGTCAGTT-3', carrying silent 

third-codon base point mutations (mutant nucleotides underlined) were used. To 

generate a catalytically inactive form of mitoGCL, we obtained a E103A mutant12 using 

the forward and reverse oligonucleotides of the sequence 5’- 

CAGAGTATGGGAGTTACATGATTGCAGGGACACCTGGCCAGCCGTACGGA-

3’ (mutant nucleotides underlined). Polymerase chain reaction (PCR) conditions were 1 

min at 95ºC, 18 cycles of 50 s at 95ºC, 50 s at 60ºC, 1 min per plasmid kb at 68ºC; final 

extension was carried out for 10 min at 68ºC. 

 

 
 

 

 

 

 

 

2. Production of lentiviral particles 

 

The full-length cDNA encoding mitoGCL was digested with Eco47III/SmaI restriction 

enzymes to generate blunt ends, and then subcloned into the PmeI site of pWPI 

lentiviral vector (mitoGCL-pWPI) (Didier Trono laboratory, Lausanne, Switzerland). 

To generate recombinant lentivirus we used a standard protocol30. In brief, Human 

Table II. Oligonucleotides used to mutate mitoGCL. Oligonucleotides to create the refractary form to 

shGCL, mitoGCL(mut), are represented in the upper part, with silent point mutations underlined. The 

oligonucleotides used to mutate the residue 103 of mitoGCL (underlined) are also represented. 
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Embryonic Kidney (HEK293T) cells were seeded at 2x106 cells/cm2 in 60 cm2 dishes 

and then transiently transfected with a mixture of 20 µg of the mitoGCL-pWPI, 10 µg 

of pMD2 (packaging plasmid) and 15 µg of pPAX2 (envelope plasmid) (Didier Trono 

laboratory), using 1 µM polyethylenimine (PEI) transfection reagent. 72-h after 

transfection, supernatants were collected, centrifuged at 300xg for 5 min and filtered 

through a 0.45 μm filter (Millex-HV PDVF, Millipore, Cork, Ireland). This crude virus 

fraction was concentrated by ultracentrifugation at 20,000xg for 2 h at 4ºC, re-

suspended in phosphate-buffered saline (PBS, 136 mM NaCl, 2.7 mM KCl, 7.8 mM 

Na2HPO4, 1.7 mM KH2PO4; pH 7.4) and stored at -80ºC until used. Viral titters were 

determined after incubation of 3T3 cells with increasing dilutions of lentivirus in the 

presence of 8 μg/ml polybrene (Millipore). After an overnight incubation with lentiviral 

particles, medium was changed and cells were allowed to express GFP protein during 

48 h, collected and analyzed for GFP fluorescence quantification by flow cytometry. 

Lentiviral particles were re-suspended to a final concentration of 1.7x106 plaque 

formation untis (p.f.u.)/μl. 

 

 

 

 

 

Scheme II. Lentiviral particles production. To produce lentiviral particlees, we co-transfected 

HEK293T cells with pWPI, psPAX2 and pMD2 plasmids, codifying for protein expression plasmid, 

viral capside and viral envelope, respectively. Culture medium with lentiviral particles was collected, 

filtered and concentrated by centrifugation. Lentivial concentrate was added to 3T3 cells to quantify the 

efficiency of transduction and concentration. 
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3. Small interfering RNA (siRNA)  

 

Using previously reported rational criteria31,32, we designed the following target 

sequences to get gene expression-specific knockdown by siRNA. For glutathione 

synthetase (GSS): 5’-AGGAAATTGCTGTGGTTTA-3’ (nucleotides 856-874 of the 

human sequence NM_000178) and 5’-AGAGAAGGAAAGAAACATA-3’ (nucleotides 

713-731 of the rat sequence NM_012962.  

 

 
 

 
Table II. siRNA sequences. siRNAs were designed to recognise human and rat variants of the same 
protein. Up to three different sequences were designed and tested for glutathione synthetase (GSS), 
glutathione reductase (GSR), glutathione peroxidase 1, superoxide dismutase 2 (SOD2) and luciferase 
(Control siRNA). The most effective siRNAs sequences at downregulating proteins were selected (in 
bold characters)    (*) Zhang et al.42 
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For glutathione reductase (GSR): 5’-AGACGAATTCCAGAATACC-3’ (nucleotides 

1211-1229 of the human sequence NM_000637) and 5’-

GGACCTGAGTTTAAACAAA-3’ (nucleotides 1154-1172 of the rat sequence 

NM_053906). For glutathione peroxidase-1 (GPx1): 5’-

CGCCAAGAACGAAGAGATT-3’ (nucleotides 338-356 for both human, NM_00581, 

and rat, NM_030826.3 sequences). Superoxide dismutase-2 (SOD2 or MnSOD): 5’-

GGGAGTTGCTGGAAGCCAT-3’ (nucleotides 381-399 for both human, NM_000636, 

and rat, NM_017051 sequences). In all cases, a siRNA against luciferase (5'-

CTGACGCGGAATACTTCGATT-3'), was used for control transfections. We 

purchased the high-pressure liquid chromatography-purified siRNAs from Dharmacon 

(Abgene, Thermo Fisher, Epsom, UK). 

 

 

 

4. Cell culture 

  

Cortical neurons in primary culture were prepared from fetal Wistar rats (E16), seeded 

at 2.5x105 cells/cm2 in six- or 12-well plates previously coated with poly-D-lysine 

(15 µg/ml) in DMEM (Sigma, Madrid, Spain) supplemented with 10% (v/v) fetal calf 

Figure I. siRNA selection. siRNAs 

were selected through a rational 

design method and were tested in 

HEK 293T (shown in this figure) 

and neurons. Selection of siRNAs 

was based on the higher dose-

response to silence glutatione 

synthetase (GSS), glutatione 

reductase (GSR), glutathione 

peroxidase-1 (GPx1) or superoxide 

dismutase 2 (SOD2).  In the figure 

are represented the percentages of 

siRNA (higher dose=100 nM) and 

number of siRNA tested for each 

protein.  
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serum (FCS, Roche Diagnostics, Heidelberg, Germany). Cells were incubated at 37 °C 

in a humidified 5% CO2-containing atmosphere. At 48 h after plating, the medium was 

replaced with DMEM supplemented with 5% horse serum (Sigma), 20 mM D-glucose 

and, on day 4, cytosine arabinoside (10 µM) to prevent non-neuronal proliferation43. 

Human Embryonic Kidney 293T (HEK293T) cells were maintained in DMEM 

supplemented with 10% (v/v) FCS. 

 

 

5. Cell transfections and treatments  

 

Transfections of primary neurons with siRNAs were performed at day 3 in vitro, 

although experiments and sample collection were done at day 6. In all siRNA-mediated 

knockdown experiments, a preliminary set of transfections were performed using a 

range of 20 to 100 nM of each siRNA to obtain a concentration-dependent knockdown 

effect; however, the results shown correspond to those experiments using 100 nM of 

each siRNA. Transfections of primary neurons with plasmid vectors were performed at 

day 4 or 5 in vitro. In these, we used 0.4–1.6 µg ml-1 of each plasmid. All transfections 

in neurons were performed using Lipofectamine2000 (Invitrogen, Madrid, Spain), 

following the manufacturer's instructions, also described elsewhere44. After 6 h, the 

medium was removed and cells were further incubated, for the times indicated in the 

figures, in the presence of culture medium. For plasmids, the transfection efficiencies in 

neurons were, approximately, 7%, as judged by the proportion of GFP+ neurons versus 

total number of neurons (as evidenced by DAPI-staining); for siRNA duplexes, the 

transfection efficiencies were >90%, as judged by the level of protein knockdown 

shown in the corresponding figures. For experiments involving glutamate-receptor 

stimulation, neurons were incubated at day 6 in vitro (i.e., 1-3 days after transfections, 

when applicable) with 100 µM glutamate (in the presence of 10 µM glycine) in buffered 

Hank's solution (134.2 mM NaCl, 5.26 mM KCl, 0.43 mM KH2PO4, 4.09 mM 

NaHCO3, 0.33 mM Na2HPO4, 5.44 mM glucose, 20 mM HEPES, 4 mM CaCl2, pH 7.4) 

for 5 min, following a standard procedure16, washed, and further incubated for 24 h 

post-stimulation (unless otherwise specified) in DMEM. To block N-methyl-D-

aspartate (NMDA) receptor, neurons were pre-incubated with 10 µM of MK801 

(Sigma) 5 min before glutamate additions. In some experiments, instead of glutamate, 

neurons were incubated in the presence of rotenone (Rot, 10 µM), antimycin A (AA, 10 
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µM) or 3 nitropropionic acid (3-NP, 2 mM). For HEK293T cell treatment, cells were 

seeded at 1x105 cells/cm2 or 5x104 cells/cm2 for experiments involving nucleic acid 

transfections. In these cases, the cells were used 24 h after transfections with plasmids 

or 3 days after transfections with siRNAs. For siRNAs, we used Lipofectamine2000 

(Invitrogen) following the manufacturer’s instructions, and for plasmids, we used 1 µM 

polyethylenimine (PEI, Sigma)45 with some modifications. Briefly, a mix of PEI with 

the corresponding DNA plasmid was added to cells after an incubation step of 10 min at 

room temperature in Optimem medium (Invitrogen). Cells were then incubated with this 

PEI/DNA-containing solution at 37ºC during 1 h, followed by washing with PBS and 

incubation in DMEM supplemented with either 10% or 0.05% FCS (v/v). In some 

experiments, HEK293T cells were incubated with rotenone (1 µM for 4 h, or 10 µM for 

15 or 45 min, as indicated) 3-NP (10 mM for 2 h). 

 

 

6. Subcellular fractionation 

  

To fractionate cytosol from intact mitochondria, we used a differential centrifugation 

protocol33. In brief, cells grown in 145 cm2 dishes (Nunc, Thermo Fisher Scientific, 

Roskilde, Denmark) were collected in mitochondria isolation buffer (MIB, 320 mM 

sucrose, 1 mM potassium EDTA, 10 mM Tris-HCl and the protease inhibitor cocktail (2 

mM AEBSF, 0.3 μM Aprotinin,  130 μM Bestatin, 1 mM EDTA,  14 μM E-64, 1 μM 

Leupeptin, catalog number P2714, Sigma) at pH 7.4. Cells were centrifuged at 600xg 

for 5 min at 4°C and the pellet re-suspended in MIB. After a 18 stroke homogenization 

step in a tight-fitting glass-teflon homogenizer, homogenate was centrifuged three times 

at 1300xg for 10 min at 4°C, keeping the supernatants in every step. The mitochondrial 

pellet that resulted from the final centrifugation (at 17,000xg for 12 min at 4°C) was re-

suspended in MIB (for reactive oxygen species and enzymatic analysis) or RIPA buffer 

(see composition below under western blotting subsection), and the supernatant was 

kept on ice (cytosolic fraction). To obtain reproducible results, only enriched 

mitochondrial and cytosolic fractions were used for the experiments, which were always 

assessed by the analysis of citrate synthase or lactate dehydrogenase activities, as 

previously described33. 
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Scheme III. Subcellular fractionation. Mitochondrial and cytosolic fractions were obtained from 

HEK293T cells homogeneized at 4ºC in a tight-fitting glass-teflon homogenizer. After a centrifugation 

step at 1,300 x g (10 min, 4ºC), supernatants were collected (S1). After the resuspension of the pellet in 

MIB buffer and centrifugation in the same conditions, supernatant was also collected, giving the S2 

resuspension. Both S1 and S2 were further centrifugated in the same conditions until no pellet was 

observed. The pellets from the final centrifugation step at 17,000 x g (12 min, 4ºC), were considered as 

the mitochondrial fraction, whereas supernatant from S1 constituted the cytosolic fraction. 
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7. Western blotting  

 

Cells or subcellular fractions were lysed in RIPA buffer (2% sodium 

dodecylsulphate, 2 mM EDTA, 2 mM EGTA and 50 mM Tris pH 7.5), supplemented 

with phosphatase inhibitors (100 μM phenylmethylsulfonyl fluoride, 50 μg/ml 

antipapain, 50 μg/ml pepstatin, 50 μg/ml amastatin, 50 μg/ml leupeptin, 50 μg/ml 

bestatin, 1 mM o-vanadate, 50 mM NaF, and 50 μg/ml soybean trypsin inhibitor) and 

boiled for 5 min. Extracts were centrifuged at 13,000xg for 5 min at 4°C, and aliquots 

of lysates (20-90 μg protein) were subjected to sodium docedyl sulfate-polyacrylamide 

(SDS-PAGE) electrophoresis on a 8, 10 or 12% acrylamide gel (MiniProtean®, Bio-

Rad) including BenchMark™ (Invitrogen) or Dual Colors™ (BioRad) as prestained 

protein ladders. The resolved proteins were transferred electrophoretically to 

nitrocellulose membranes (Hybond-ECL, Amersham Bioscience Europe GmbH, 

Barcelona, Spain). Membranes were blocked with 5% (w/v) low-fat milk in 20 mM 

Tris, 500 mM NaCl, and 0.1% (w/v) Tween 20, pH 7.5, for 1 h. After blocking, 

membranes were immunoblotted with rabbit polyclonal anti-GCL5, rabbit polyclonal 

anti-GPx1 (ab59546, Abcam, Cambridge, UK), mouse monoclonal anti-GSS (Sc-

166882, Santa Cruz Biotechnologies, Heidelberg, Germany), mouse monoclonal anti-

GSR (Sc-133159, Santa Cruz Biotechnologies), mouse monoclonal anti-SOD2 

(ab16956, Abcam), rabbit polyclonal anti-VDAC (Calbiochem, Darmstadt, Germany), 

or mouse monoclonal anti- GAPDH (1:40,000 dilution, Ambion, Cambridge, UK) 

antibodies, at dilutions ranging from 1:500 to 1:1000, unless otherwise stated, overnight 

at 4ºC. VDAC and GAPDH were used as mitochondrial and cytosolic (or whole cell) 

loading controls, respectively. After incubation with horseradish peroxidase-conjugated 

goat anti-rabbit IgG (1:1000 dilution, Pierce, Thermo Fischer Scientific) or goat anti-

mouse IgG (1:1000 dilution, BioRad), membranes were immediately incubated with the 

enhanced chemiluminescence kit SuperSignal West Dura (Pierce, Thermo Scientific, 

Illinois, USA) for 5 min, before exposure to Kodak XAR-5 film for 1-5 min, and the 

autoradiograms scanned. 
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Table III. Antibodies used in this work. Primary and secondary used for protein expression analysis 

by western blot (WB), flow cytometry (FC), inmunocytochemistry (ICQ) and inmunohistochemistry 

(IHQ). Dilutions used, clones, references and suppliers are also specified.  
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8. Determination of reactive oxigen species (ROS)  

 

Mitochondrial superoxide was detected using the fluorescent MitoSox probe 

(Invitrogen). To perform this, cells were incubated in Hank’s buffer with 2 μM 

MitoSox-Red for 30 min at 37ºC in a 5% CO2 atmosphere, washed with PBS, and the 

fluorescence assessed by flow cytometry or fluorescence microscopy. We used the FL1, 

FL2 and FL3 channels of a FACScalibur flow cytometer (15 mW argon ion laser tuned 

at 488 nm; CellQuest software, Becton Dickinson Biosciences). Thresholds were 

adjusted by using non-stained and stained cells for MitoSOX fluorescence, and 

transfected and non-transfected cells for GFP fluorescence. The rate of H2O2 production 

in mitochondria and whole cells were assessed using the luminescent AmplexRed™ 

probe (Invitrogen) or the fluorogenic pHyPer-dMito plasmid vector (Evrogen, Moscow, 

Russia). For H2O2 assessment in isolated mitochondria, 50 μg protein-aliquots of 

freshly-obtained mitochondria were incubated with 100 μM AmplexRed in 

mitochondrial respiration buffer (125 mM  KCl, 2 mM KH2PO4, 1 mM MgCl2, 0,5 

mg/ml bovine serum albumin and 10 mM HEPES, pH 7.4) containing horseradish 

peroxidase (0.5 U/ml). Luminescence was recorded for 45 min at 1 min intervals using 

a Fluoroskan Ascent FL (Thermo Scientific, Rockford, IL, USA) fluorimeter 

(excitation: 538 nm, emission: 604 nm), and the slopes were used for calculations. For 

H2O2 assessment in whole cell, 1.5x104 cells were incubated in 100 µM AmplexRed in 

Krebs-Ringer Phosphate buffer (145 mM NaCl, 5.7 mM Na2PO4, 4.86 mM KCl, 0.54 

mM CaCl2, 1.22 mM MgSO4 and 5.5 mM glucose, pH 7.4), and the luminescence 

recorded as we did for mitochondria. Mitochondrial H2O2 was also detected by 

fluorescence microscopy in seeded, intact cells following the green fluorescence emitted 

by cells transfected with pHyPer-dMito plasmid vector, which express a mitochondrial-

tagged H2O2-sensitive fluorescent probe. 

  

 

9. In vitro H2O2 quantification  

 

To assess the in vitro reaction of GSH or γGC with H2O2, we used a previously 

described protocol34. GSH or γGC (at concentrations ranging from 0 to 2000 µM) were 

incubated with H2O2 (100 µM), either in the absence or in the presence of 5 U/ml of 
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GPx1 purified from bovine erithrocytes (catalog number 3167, Sigma), and/or (as 

indicated) 5 U/ml of GSR from bakers yeast (catalog number 3664, Sigma) in reaction 

buffer (0.1 M NaHPO4, 1 mM EDTA diK+, 0.4 mM NADPH, pH 7.4) at 25ºC. The 

reaction was stopped every 1 min by the addition of 11.4 mM HCl. Then, 3.2 mM 

amonium ferrous sulfate hexahydrate (NH4)2Fe(SO4)2 and 180 mM KSCN (final 

concentrations) were added, and the absorbance at 492 nm after 10 min of incubation at 

room temperature was measured, in a 96-well plate reader (Multiscan Ascent, 

Thermolabsystems, Belgium). For the calculations, we used a standard curve using 0-

240 µM H2O2. 

 

 

10. Determination of lactate dehydrogenase and citrate synthase 

activities 

 

These were determined as described33 using 10 µg of protein in a final volume of 1 ml. 

Lactate dehydrogenase was determined following the rate in the change of absorbance 

at 340 nm in a 80 mM Tris buffer containing 200 mM NaCl and 0.28 mM NADH at pH 

7.5 and at 30ºC. Citrate synthase was determined following the rate in the change of 

absorbance at 412 nm in a 100 mM Tris-HCl buffer containing 0.2 mM oxaloacetate, 

0.1 mM acetyl-CoA, 0.2 mM DTNB and 0.1% (v/v) Triton X-100, at pH 8.0 and at 

30ºC. 

 

 

11. Determination of ү-glutamylcysteine concentration and GCL activity 

 

This was performed essentially following a previously described method35. In brief, 

cells were washed, carefully harvested with 1 mM EDTA in PBS, pelleted (500xg for 5 

min), and re-suspended in isolation medium (320 mM sucrose, 10 mM Tris-HCl, 1 mM 

EDTA, pH 7.4). Mitochondrial fraction was obtained (as described above) when 

necessary. Samples (whole cells or isolated mitochondria) were freeze-thawed three 

times, and the lysates were filtered through 10-kDa molecular mass cut-off devices 

(Amicon, Millipore) at 12,000xg for 15 min at 4 °C. The retained protein fraction was 

immediately used for the determination of γ-glutamylcysteine concentration or assayed 
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for GCL activity in 0.1 M Tris-HCl buffer containing 0.15 mM KCl, 20 mM MgCl2, 2 

mM EDTA, 10 mM ATP, 10 mM L-cysteine, 40 mM L-glutamate, and 220 μM 

acivicin, pH 8.2, at 37 °C for 15 min. The reaction was stopped by addition of ice-cold 

ortho-phosphoric acid (15 mM, final concentration), and the reaction product was 

immediately used for γ-glutamylcysteine determination. This was performed by high-

pressure liquid chromatography (HPLC) using a LC-20A Shimadzu equipment 

(Shimadzu GmbH, Duisburg) with an interphase module (CBM-20A, Shimadzu GmbH) 

and electrochemical detection (ESA Biosciences, Inc., Chelmsford, MA), with the 

upstream electrode set at +100 mV (for compounds with low oxidation potential) and 

downstream electrode set between +100 and +650 mV (in +50 mV increments) for each 

injected standard to determine the optimum potential for detection. The samples were 

subjected to analysis with a Teknokroma MediterraneaSea18 ODS column (4.6 × 250 

mm, 5-μm particle size), using 15 mM orthophosphoric acid as the mobile phase35 at a 

flow rate of 0.5 ml/min. An external standard of 2.5-10 μM γ-glutamylcysteine 

(Bachem, Germany) was used for the calculations. In preliminary experiments, we 

tested that, under these conditions, γ-glutamylcysteine synthesis was linear with the 

incubation time at least up to 20 min. 

 

 

 

12. Determination of glutathione concentrations 

 

 

This was performed by both the enzymatic and the HPLC (with electrochemical 

detection) methods. For the enzymatic method, 1% (wt/vol) of sulfosalicylic acid was 

added to cells or isolated mitochondria, the cell lysates were centrifuged at 13,000xg for 

5 min at 4°C, and the supernatants were used for the determination of total glutathione 

(GSH + 2xGSSG), using GSSG (0-50 μM) as standard, as described previously21. Total 

glutathione was measured in reaction buffer (0.1 mM NaHPO4, 1 mM EDTA, 0.3 mM 

DTNB, 0.4 mM NADPH, glutathione reductase 1 U/ml, pH 7.5) by recording the 

increase in the absorbance after the reaction of GSH with DTNB. GSSG was measured 

(either under basal conditions or after incubation of cells with 10 μM rotenone for 3h at 

37ºC in Hank’s buffer). GSSG was quantified after derivation with 2-vinilpiridine 

(Sigma) plus 0.2 M Tris (pH 5-7). Absorbance at 405 nm was recorded for 2.5 min in 
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15 s intervals using a (Multiscan Ascent, Thermolabsystems, Belgium) plate reader. 

GSH concentration values were confirmed by the HPLC method; in this, ice-cold ortho-

phosphoric acid (15 mM, final concentration) was added to cells, cytosol or isolated 

mitochondria, and then subjected to HPLC with electrochemical detection (upstream 

electrode: +100 mV; downstream electrode: +100 to +650 mV (in +50 mV 

increments)35 and an external GSH standard (Sigma). 

 

 

13. Site-directed mutagenesis 

 

For the assessment of free reduced and oxidized forms low molecular weight thiols, 

we used a previously reported protocol46 with some modifications. Cells were seeded in 

60 cm2 at a density of 5 x 104 cells/cm2. After 4 days in culture, cells were rinsed with 

PBS and incubated with Hank’s buffer (5.5 mM glucose, pH 7.4) for 7 h at 37ºC in a 

5% CO2 atmosphere. Then, cells were washed with ice-cold PBS containing 10 mM N-

ethylmaleimide (NEM, Sigma) for 2 min and then scraped in 400 µl of the PBS-NEM 

mixture. For in vivo analyses, mice were anesthesized with isofluorane (Abbot) and 

sacrificed by cervical dislocation; brain, liver and kidney were rapidly deep-frozen 

(freeze-clamping) in liquid nitrogen. Aliquots of 100 mg of tissue were homogenized in 

400 µl of 10 mM NEM. In all cases, after addition of 4% (v/v) perchloric acid, samples 

were centrifuged at 13,000xg for 10 min at 4ºC, and the supernatant collected and 

stored at -80ºC until thiols determination by ultra performance liquid chromatography 

and mass spectrometric detection (UPLC-MS/MS). 

 

 

14. Samples preparation for the determination of protein disulfides 

formed with low molecular weight thiols 

 

Cells were seeded as indicated in the previous paragraph for free thiols and disulfides 

measurement. After washing with ice-cold PBS containing 10 mM NEM for 2 min, 

cells were detached with 10% trichloroacetic acid (TCA) and centrifuged at 10,000xg 

for 2 min at 4ºC. The pellet was washed twice with 10% TCA and dissolved in 50 mM 

HEPES with 2% SDS, pH 8, with powder NaHCO3 added until saturation. Once re-
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suspended, an aliquot of the pellets was used for the determination of protein 

concentration. Another aliquot was taken and treated with 2.5 mM dithiothreitol (DTT, 

Sigma). After 1 h incubation at 40ºC in agitation and verified the pH to be between 9-

10, 10 mM NEM was added and vortex manually. Perchloric acid (4%) was then added, 

and samples centrifuged at 10,000xg for 10 min at 4ºC. Samples were stored at -80ºC 

until analyzed by UPLC-MS/MS. 

 

 

15. Ultra performance liquid chromatography and mass spectrometry 

(UPLC-MS/MS).  

 

This was carried out using a triple-quadruple mass spectrometer (Waters, Manchester, 

UK) equipped with Xevo TQ-S. Analytical separation was carried out at 50ºC using a 

core shell C19 Kinetex column (100 x 2mm, 3 µm, Phenomenex) using an injection 

volume of 2 µl. A 6 min gradient elution was performed at a flow rate of 400 µm min-1 

as follows: initial conditions A (water, 0.1% v/v HCOOH) 100%, B (acetonitrile, 0.1% 

v/v HCOOH) were kept for 1 min, followed by a linear gradient up to 85% B in 1.5 

min, then isocratic condition was held for 2 min. Finally, a 0.25 min linear gradient was 

used to return to the initial conditions, which were held for 1.25 min to re-equilibrate 

the system. Positive ion electrospray tandem mass spectra were recorded using the 

following conditions: capillary voltage 3 kV, source temperature 350ºC, cone and 

nebulisation gases were set at 750 and 180 L/h, respectively. 

 

 

16. Flow cytometric analysis of apoptotic cell death 

 

Cells were carefully detached from the plates using 1 mM EDTA (tetrasodium salt) in 

PBS (pH 7.4). APC-conjugated annexin-V and 7-amino-actinomycin D (7-AAD) 

(Becton Dickinson Biosciences) were used to determine quantitatively the percentage of 

apoptotic neurons by flow cytometry. Cells were stained with annexin V-APC and 7-

AAD in binding buffer (100 mM HEPES, 140 mM NaCl, 2.5 mM CaCl2), according to 

the manufacturer's instructions, and 3 x 105 cells were analysed, in four replicates per 

condition, on a FACScalibur flow cytometer (15 mW argon ion laser tuned at 488 nm; 
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CellQuest software, Becton Dickinson Biosciences). GFP+ and GFP- cells were 

analysed separately, and the annexin V-APC-stained cells that were 7-AAD-negative 

were considered to be apoptotic43. The analyzer threshold was adjusted on the flow 

cytometer channel to exclude most of the subcellular debris in order to reduce the 

background noise owing to the neurite disruption during neuronal detaching. Data were 

expressed as percentages. 

 

 

17. Flow cytometric detection of active caspase-3.  

 

Active caspase-3 was detected using the ApoActive3™ Kit (Bachem, San Carlos, CA, 

USA), following the manufacturer's instructions. After detaching cells with 1 mM 

EDTA (tetrasodium salt) and centrifuged, cell pellets were fixed during 20 min, re-

suspended in PBS + 2% bovine serum albumin (BSA) and incubated for 1 h with 1X 

rabbit anti-caspase 3. Cells were then incubated with 1:500 anti-rabbit CyC3 (Jackson 

Immunoresearch, Pennsylvania, U.S.A.) for 1 h. Between each step, cells were washed 

with either PBS (until labelling of samples) or PBS + 1% BSA, and re-suspended in 

PBS + 2% BSA before analysis by flow cytometry (tuned at 488 nm; CellQuest 

software, Becton Dickinson Biosciences). 

 

 

18. Stereotaxic injection of lentiviral particles 

 

Stereotaxic injections were performed as previously described36, with some 

modifications. Male mice (10-16 weeks old) were anesthetized by inhalatory induction 

and maintained with sevofluorane (Sevorane. Abbot), using a gas distribution column 

(Hersill H-3, Madrid, Spain) and a vaporizer (InterMed Penlons Sigma Delta, OX, UK). 

Mice were placed in a stereotaxic alignment system (Model 1900, David Kopf 

Instruments, CA, USA) with digital read out (Wizard 550, Anilam, NY, USA) and 

complemented with a stereomicroscope (Nikon SMZ 645, Tokyo, Japan) and a fibre 

optic cold light source (Schott KL1500 compact, Mainz, Germany). Injection was 

performed into both hemispheres at coordinates: 0.5 mm anterior to bregma, 2.1 mm 

lateral to midline, and 3.8 mm ventral to dura47 using a 5-μl Hamilton syringe 

(Microliter 65RN, Hamilton, NV, USA) with a 26 S needle (type 2 tip). Lentiviral 
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particles were delivered at a concentration of 5 x 106 total plaque forming units in 3 μl 

of PBS with a mini-pump (UltraMicroPump III, World Precision Instruments, USA) 

and a digital controller (Micro4 (UMC4) World Precision Instruments, USA), during 12 

min at a rate of 0.25 μl/min. The syringe was left in place for 10 min before slowly 

retracting it to allow for lentivirus infusion and to prevent reflux. Wounds were irrigated 

with 0.9% sterile saline solution and animals were allowed to recover from anaesthesia 

in cages placed on a 37ºC thermostatted plate (Plactronic Digital, 25x60, JP Selecta, 

Barcelona, Spain). 

 

 
 

 

 

 

 

 

Scheme IV. Stereotaxis injection of lentiviral particles. After concentration by a centrifugation step 

(20,000 x g, 2 h at 4ºC), lentivirus produced in HEK293T cells were stereotaxically injected in the 

striatum of male 10-16 weeks old C57BL/6J mice. Efficiency of cell transduction in tissue was performed 

by inmunohistochemistry, and influence in motor behaviour was assessed with the rotarod test.  
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19. Induction of in vivo neurodegeneration by 3-nitropropionic acid 

(3NP).  

 

Three days after stereotaxic lentiviral partciles injection, in vivo neurodegeneration 

was induced in mice (strain C57BL6/J) following a previously reported protocol37, with 

some modifications. In brief, 3NP (25 mg/ml) was dissolved in PBS, adjusted to pH 7.4 

with 1 M NaOH and maintained at 4°C for up to 1 week. Mice received i.p. injections 

(50 mg/kg of body weight) of 3NP or vehicle (PBS) every 12 h for a total of seven 

injections in a volume of 200 μl. Six to eight hours after the last dose, mice were 

perfused for inmunhistochemistry. 

  

 

20. Tissue sampling for biochemical analyses.  

 

Mice (C57BL6/J) were anaesthetized with xylacine hydrochloride and ketamine 

hydrochloride (4:1) and sacrificed 6 days after stereotaxic administration of lentiviral 

particles. After decapitation, brains were extracted and dissected out coronally in an 

adult mouse matrix (ASI instruments, MI, USA), collecting the tissue comprised 

between lines 7 and 11 (1 mm/line, caudal-rostral sense) of the matrix and verifying the 

presence of the scares derived from stereotaxic surgery in the recollected fraction. After 

removal of the cortex in each hemisphere, the remaining tissue was excised in two parts, 

for determination of GSH concentration and GCL activity from the same tissue, and 

each fragment was weighed. Tissue was washed twice with PBS, and 10 μl/mg tissue of 

1% (wt/vol) of sulfosalicylic acid, or isolation medium (320 mM sucrose, 10 mM Tris-

HCl, 1 mM EDTA, pH 7.4) was added for the determination of GSH or GCL activity, 

respectively. Tissue was homogenized in a tight-fitting glass-teflon homogenizer (20 

strokes) and centrifuged at 13,000xg for 15 min at 4ºC, keeping the supernatants for the 

determinations. 
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21. Immunocytochemistry  

 

Cells grown on glass coverslips or μ-slide 8 well plastic bottom dishes (Ibidi, 

Martinsried, Germany) were fixed with 4% paraformaldehyde (vol/vol, in PBS) for 30 

min, rinsed with PBS and permeabilized for 5 min with 0.3% Triton X-100. Cells were 

then incubated for 30 min at room temperature in PBS containing blocking solution 

(0.1% triton X-100, 5% horse serum) and kept overnight at 4°C with anti-GCL antibody 

(1:40 dilution)5. After washing with PBS, cells were incubated with the secondary 

antibody Alexa 488-conjugated goat anti-rabbit (1:400 dilution; Molecular Probes, 

Invitrogen) for 1 h at room temperature. Cells transfected with pMitoDsRed2 plasmid 

vector (Clontech) expressed red fluorescent protein in mitochondria, whereas cells 

transfected with pIRES2-EGFP plasmid vector revealed diffused GFP fluorescence in 

the cytosol. Dishes and coverslips were washed, and coverslips were mounted in 

SlowFade® light antifade reagent (Molecular Probes, Oregon, USA) on glass slides for 

phase-contrast or fluorescence microphotographs at x40 or x60 magnification. 

 

 

22. Inmunohistochemistry and determination of lentiviral transduction 

efficiency and neuronal loss 

 

Mice (C57BL6/J) were deeply anaesthetized by i.p. injection of a mixture (1:4) of and 

xilacine hydrochloride (Rompún; Bayer, Kiel, Germany) and ketamine 

hydrochloride/chlorbutol (Imalgene; Merial, Lyon, France), using 1 ml of the mixture 

per kg of body weight, and then perfused intra-aortically with 0.9% NaCl, followed by 5 

ml/g per body weight of Somogy’s fixative (4% (p/v) paraformaldehide, 0.2% (p/v) 

picric acid in 0.1 M phosphate buffer (PB) (pH 7.4). After perfusion, brains were 

dissected out coronally in two parts and post-fixed, using the Somogy’s fixative, for 

overnight at 4 ºC. Brain blocks were then rinsed successively for 10 min, 30 min, and 2 

h with 0.1 M PB solution (pH 7.4), and immersed in 20% and 30% (w/v) sucrose in PB 

solution sequentially until they sank. After cryoprotection, 40 μm-thick coronal sections 

were obtained with a freezing-sliding cryostate (Leica CM 1950 AgProtect, Leica, 

Nussloch, Germany). The sections were collected in 0.05% sodium azide (wt/vol) in 0.1 
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M PB. Coronal sections were rinsed in 0.1 M PB three times each for 10 minutes, and 

then incubated sequentially in: (i) 5 mg/ml sodium borohydride in PB for 30 minutes to 

remove aldehyde autofluorescence; (ii) 1:1000 rabbit anti-GFP (ab290, Abcam) and 

1:1000 mouse anti-NeuN (MAB377, Chemicon international. Temecula, CA, USA), in 

0.2% Triton X-100 (Sigma) and 5% normal goat serum (Jackson Immoresearch, 

Pennsylvania, U.S.A.) for 72 h at 4 ºC in 0.1 M PB; (iii) 1:500 Alexa 488-conjugated 

goat anti-rabbit and 1:500 Alexa 594-conjugated goat anti-mouse (Molecular Probes, 

Invitrogen, Oregon, USA) for 2 h at room temperature; (iv) 0.5 μg/ml DAPI in PB for 

10 minutes at room temperature. Except between the staining with secondary antibodies 

and DAPI, after each step the sections were carefully rinsed three times each for 10 min 

in PB. After rinsing, sections were mounted with Fluoromount (Sigma) aqueous 

mounting medium. Sections were examined with epifluorescence and appropriated 

filters sets using a microscope (Nikon Inverted microscope  Eclipse Ti-E, Japan) 

equipped with a pre-centered fiber illuminator (Nikon Intensilight C-HGFI, Tokyo, 

Japan) and B/W CCD digital camera (Hamamatsu ORCA-ER, Hamamatsu, Japan), or a 

confocal microscope (TCS SP2; Leica, Mannheim, Germany). To determine the 

efficiency of transduction of the lentiviral particles, vehicle +mitoGCL-treated mice 

(n=4) were used. An area of 0.5 mm2 in the injection zone was counted in 3 striatal 

slices/mouse. A 8.8±1.6% of the striatal neurons, identified by NeuN staining (610±60 

NeuN+ cells per slice) were GFP+ (efficiently transduced). In addition, a 40.8±5.7% 

(mean±SEM) of cells that were efficiently transduced (i.e., GFP+) in the striatum were 

found to be NeuN+. To determine neuronal loss, the number of NeuN+ cells was 

counted in a peri-injection area of 0.5 mm2 in 3 striatal slices/mouse. 

 

 

23. TUNEL assay and neuronal loss 

 

Apoptotic cell death after in vivo treatments was assessed by the terminal 

deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) 

assay (Roche Diagnostics). Brain sections, fixed as above, were pre-incubated in 

TUNEL buffer containing 1 mM CoCl2, 140 mM sodium cacodylate and 0.3% Triton 

X-100 in 30 mM Tris buffer, pH 7.2, for 30 min. After incubation at 37°C with the 

TUNEL reaction mixture containing terminal deoxynucleotidyl transferase (800 U/ml) 

and nucleotide mixture (1 µM) for 90 min, sections were rinsed with PBS and 
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counterstained with Cy3-streptavidin (Jackson Immunoresearch Laboratories). Each 

data point was obtained by counting TUNEL+/NeuN+ cells in a 0.3 mm2 area in three 

striatal slices. 

 

 

24. Rotarod test 

 

Motor balance and coordination was analysed using the rotarod test as described38 

once daily during days 1, 2 and 3 of 3NP treatment. Mice were trained for 3 days before 

the stereotaxic surgery. All determinations were carried out at the same time every day. 

Mice were allowed to stay for 300 s on a five-lane accelerating rotarod (Model 47600. 

Ugo Basile, Comerio, Italy) rotating rod with a continuous accelerating rotation speed 

from 4 to 40 rpm, increasing 4 rpm every 30 s and reaching the final speed at 270 s. 

Latency to fall was measured during this period, annotating the time the animal stayed 

on the rotation rod. Data from tests in which animals completed 3 turns without walking 

were disregarded. 

 

 

25. Protein determinations 

 

Protein concentrations were determined in the cell suspensions, lysates, mitochondrial 

fractions, cytosolic fractions or in parallel cell culture incubations after solubilization 

with 0.1 M NaOH. Protein concentrations were determined as described48 or by the 

BCA™ protein assay kit (Pierce), using bovine serum albumin as standard. 

 

 

26. Ethical statement regarding the use of animals 

 

All animals used in this wok were obtained from the Animal Experimentation Unit of 

the University of Salamanca, in accordance with Spanish legislation (RD 1201/2005) 

under license from the Spanish Ministry of Science and Innovation. Protocols were 

approved by the Bioethics Committee of the University of Salamanca. 
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27. Statistical analysis 

 

All measurements in cell culture were carried out, at least, in triplicate, and the results 

are expressed as the mean ± SEM values from at least three different culture 

preparations. For in vivo experiments we used 6-8 animals per condition. Statistical 

analysis of the results was performed by one-way analysis of variance (ANOVA), 

followed by the least significant difference multiple range test test, or by the Student’s t 

test for comparisons between two groups of values. In all cases, p<0.05 was considered 

significant. 
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Conclusions 
 

 
 
At the light of the results presented in this Thesis, we have obtained the following 

conclusions:  
 
 

1. We have developed a method that allows the functional expression of the catalytic 

subunit of glutamate-cysteine ligase in mitochondria. Using this strategy, we showed 

that it is possible to synthetize γ-glutamylcysteine in mitochondria without 

interfering with the biosynthesis of glutathione in the cytosol.   

 
2. γ-Glutamylcysteine detoxifies mitochondrially-produced hydrogen peroxide, 

independently on cytosolic glutathione, by acting as glutathione-peroxidase-1 

cofactor. 

 
3. The occurrence of an oxidized form of γ-glutamylcysteine in brain, liver and kidney 

suggests a redox cycle of the dipeptide in physiological conditions. 

 
4. γ-Glutamylcysteine does not induce thiol-redox modifications directly or through 

modulation of the glutathione status. 

 
5. In neurons, prevention of mitochondrial oxidative stress by γ-glutamylcysteine 

results in a lower activation of the intrinsic apoptotic pathway by glutamate 

excitotoxicity. 

 
6. By its use as an in vivo gene therapy strategy, the mitochondrial synthesis of γ-

glutamylcysteine in the striatum prevents apoptotic neuronal loss and motor 

dysfunction in a mouse model of neurodegeneration. 
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