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Abstract

Aims: S-glutathionylation is a reversible oxidative modification of protein cysteines that plays 

a critical role in redox signaling. Glutaredoxin-1 (Glrx), a glutathione-specific thioltransferase, 

removes protein S-glutathionylation. Glrx, though a cytosolic protein, can activate a nuclear 

protein Sirtuin-1 (SirT1) by removing its S-glutathionylation. Glrx ablation causes metabolic 

abnormalities and promotes controlled cell death and fibrosis in mice. Glyceraldehyde 3­

phosphate dehydrogenase (GAPDH), a key enzyme of glycolysis, is sensitive to oxidative 

modifications and involved in apoptotic signaling via the SirT1/p53 pathway in the nucleus. 

We aimed to elucidate the extent to which S-glutathionylation of GAPDH and glutaredoxin-1 

contribute to GAPDH/SirT1/p53 apoptosis pathway.

Results: Exposure of HEK 293T cells to hydrogen peroxide (H2O2) caused rapid S­

glutathionylation and nuclear translocation of GAPDH. Nuclear GAPDH peaked 10–15 minutes 

after the addition of H2O2. Overexpression of Glrx or redox dead mutant GAPDH inhibited 

S-glutathionylation and nuclear translocation. Nuclear GAPDH formed a protein complex with 

SirT1 and exchanged S-glutathionylation to SirT1 and inhibited its deacetylase activity. Inactivated 

SirT1 remained stably bound to acetylated-p53 and initiated apoptotic signaling resulting in 

cleavage of caspase-3. We observed similar effects in human primary aortic endothelial cells 

suggesting the GAPDH/SirT1/p53 pathway as a common apoptotic mechanism.
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Conclusions: Abundant GAPDH with its highly reactive-cysteine thiolate may function as 

a cytoplasmic rheostat to sense oxidative stress. S-glutathionylation of GAPDH may relay the 

signal to the nucleus where GAPDH trans-glutathionylates nuclear proteins such as SirT1 to 

initiate apoptosis. Glrx reverses GAPDH S-glutathionylation and prevents its nuclear translocation 

and cytoplasmic-nuclear redox signaling leading to apoptosis. Our data suggest that trans­

glutathionylation is a critical step in apoptotic signaling and a potential mechanism that cytosolic 

Glrx controls nuclear transcription factors.
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Introduction

Redox regulation plays an essential role in numerous aspects of cellular function. 

Reversible oxidative post-translational modifications (OPTM), including S-nitrosylation and 

S-glutathionylation of protein cysteines [1–6], confer biological responses to oxidants in 

physiology and pathological conditions [7]. Recent studies indicate that S-glutathionylation 

acts as a regulatory modification resembling transit phosphorylation in cell signaling [8–11]. 

S-glutathionylation refers to the reversible adduction of the tripeptide glutathione (GSH), an 

abundant and vital low molecular weight thiol, to protein cysteines. Protein cysteines that 

exist in the deprotonated thiolate form are strong nucleophiles with high chemical reactivity 

towards reactive oxygen and nitrogen species (RONS). In a protein, positively charged 

or coordinating amino acid side chains surrounding the cysteine can stabilize the thiolate 

making it more reactive. Thus, physiological amounts of RONS only target specific reactive 

cysteines in a protein leading to reversible OPTMs for redox signaling. The reaction of 

RONS with protein thiolates results in intermediates that can react further with GSH to form 
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an S-glutathionylated protein [12–16]. Intracellular GSH or thiol transferases, including 

glutaredoxins, then remove S-glutathionylation [17–21]. Some groups refer to these protein 

thiolates as peroxidatic cysteines because the net reaction resembles the catalysis of a 

thiol peroxidase if a peroxide such as hydrogen peroxide (H2O2) controls this signaling 

mechanism [22].

A reductive cellular environment or glutaredoxins can reduce S-glutathionylation [23,24]. 

Mammalian cells have two principal isoforms of glutaredoxins. Glutaredoxin-1 (Glrx) 

mainly localizes in cytoplasm, while glutaredoxin-2 resides in mitochondria and has the 

specific activity less than 10% of Glrx. Compared to a slow spontaneous chemical reduction, 

Glrx specifically binds to S-glutathionylated proteins, removes the modification through 

an exchange reaction, and becomes S-glutathionylated itself. Then, Glrx releases GSH by 

forming oxidized-GSH (GSSG), back to the reduced active form.

Thus, Glrx does exchange reactions of glutathione, or trans-glutathionylation, which is not 

restricted to glutaredoxins and can occur between other interacting proteins [25]. Thus, 

proteins carrying reactive thiolates have the potential to transfer S-glutathionylation, GSH 

adducts, to the interacting protein and participate in redox signaling cascades. This “redox 

relay” mechanism would permit oxidative signals to cross cellular compartments and might 

be involved in the regulation of nuclear transcription factors.

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), a key enzyme of glycolysis, is 

involved in many other crucial cellular processes including DNA repair [26,27], tRNA 

export [28], membrane fusion in ER to Golgi shuttling [29], cytoskeletal dynamics [30–34], 

and apoptosis [35–41]. Post-translational modifications [36,41] such as S-glutathionylation 

[42] and S-nitrosylation [16], oligomerization status [43], and subcellular localization 

partially control the diverse functions of GAPDH [33,39]. S-nitrosylation is a well 

characterized oxidative post-translational modification of GAPDH [44–47]. Hara and 

colleagues showed that S-nitrosylation of GAPDH triggered binding to ubiquitin ligase 

Siah1, promoting nuclear translocation and apoptotic signaling [36]. Furthermore, the 

cysteine at the active site of GAPDH is required for its redox sensitivity, nuclear 

translocation, and induction of apoptosis [36,48]. Kornberg and colleagues reported that 

S-nitrosylated GAPDH can trans-nitrosylated nuclear proteins and suggested that protein 

trans-nitrosylation might be a general molecular mechanism [49].

Compared to S-nitrosylation, S-glutathionylation, in general, is a more stable oxidative 

modification [16]. It is not known if S-glutathionylated GAPDH can transfer redox 

signals to nuclear proteins. S-glutathionylation occurs at the active site cysteine thiolate 

and inactivates GAPDH activity, leading to conformational changes [42]. This structural 

transformation leads to opening of the GAPDH protein structure and permits interaction 

with other proteins and may allow GAPDH to trans-glutathionylate the interacting proteins.

In this study, we show that cytosolic Glrx regulates S-glutathionylation of GAPDH and 

participates in cytoplasmic-to-nuclear signaling. S-glutathionylation of GAPDH initiated 

translocation to the nucleus where it interacted, S-glutathionylated, and inactivated 

Sirtuin-1 (SirT1). S-glutathionylation inactivated SirT1 led to p53 acetylation and 
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apoptosis. Overexpression of Glrx reversed GAPDH S-glutathionylation, prevented nuclear 

translocation of GAPDH, and attenuated SirT1 inactivation. Our data suggest that GAPDH­

glutathionylation is a mechanism to transfer redox signals to the nucleus leading to 

apoptosis, and thus cytosolic Glrx can control nuclear transcription.

Materials and Methods

Reagents

All biochemical reagents were purchased from Millipore Sigma (St. Louis, MO) and all 

cell culture reagents from Gibco (Thermo Fisher Scientific, Waltham, MA) and Lonza 

(Walkersville, MD) unless specified otherwise. FLAG-HA-tagged SirT1 was a kind gift 

from P. Puigserver (Harvard University, MA, USA). Protein A/G beads (Santa Cruz, 

Dallas, TX) and antibodies were obtained from the following companies: anti-GAPDH 

monoclonal antibody (Cell Signaling, Danvers, MA; 1:1000), anti-β-Tubulin monoclonal 

antibody (Cell Signaling; 1:1000), anti-HA antibody (Cell Signaling; 1:1000), anti-biotin 

antibody (Millipore Sigma, St. Louis, MO; 1:2000), anti-HDAC1 (Cell Signaling, Danvers, 

MA; 1:1000), anti-acetylated p53 (Cell Signaling, Danvers, MA 1:1000), anti-p53 (Cell 

Signaling, Danvers, MA; 1:1000), anti-Glrx1 (Cayman Chemicals, Ann Arbor, MI; 1:1000), 

anti-SirT1 (Abcam, Cambridge, MA, 1 μg/ml) HA-magnetic beads (Cell Signaling, Danvers, 

MA). HRP-conjugated secondary antibodies were from GE Healthcare (Pittsburgh, PA) or 

eBioscience (San Diego, CA) TrueBlot system. Antibody sources and dilutions are presented 

in Supplemental Table 1.

Cloning, adenovirus generation, and infection

The human GAPDH clone was a kind gift of Dr. S. Snyder, Johns Hopkins University 

School of Medicine (Baltimore, MD) [49] and cloned into pcDNA3.1 FLAG HA plasmid 

(Plasmid #52535, Addgene, Cambridge, MA) using EcoRI and XhoI restriction sites. 

Cysteines were mutated to serines using the QuikChange II site-directed mutagenesis 

kit (Agilent, Santa Clara, CA) according to the manufacturer’s instructions. Primers for 

mutagenesis were designed using the QuikChange primer design web application. All 

clones were verified by sequencing using GENEWIZ (Cambridge, MA). Primer sequences 

are presented in Supplemental Table 2. Construction of SirT1 mutants and generation of 

adenoviruses were performed as previously described [10]. In this study the GAPDH triple 

mutant (C152S, C156S, C247S) as TRI and SirT1 triple mutant (C61S, C318S, C613S) as 

3MUT.

Cell culture, transfection, and treatment

HEK 293T (passage 4 to 6) cells were cultured in Dulbecco modified essential medium 

(DMEM) supplemented with 5% v/v fetal bovine serum and 1% antibiotic and antimycotic 

solution, maintained in 5% CO2 and 95% humidity. Primary human aortic endothelial cells 

(HAEC) (Passage 4 to 6) were maintained in EBM-2 Basal Medium (Lonza, Walkersville, 

MD) supplemented with ascorbic acid, VEGF, rhFGF-B, recombinant IGF-1, heparin, 

hydrocortisone, rhEGF, gentamicin sulfate, amphotericin-B, and 2% fetal bovine serum as 

per the manufacturer protocol. Cells were grown in 10 cm or 6-well cell culture dishes to 

60% confluency and were transfected with 4 μg of control (empty vector) and expression 
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plasmids using polyethylenimine (PEI; Polyscience, Warrington, PA) at a ratio of 3:1 

(PEI:DNA) [47]. Adenoviral transduction of primary cells was performed as per the protocol 

of Watanabe et al. [10]. Cells were serum starved overnight before the experiments and 

treated with 500 μM H2O2 to induce oxidative stress.

Immunofluorescent staining

Cells were grown on chamber slides at 37 °C in a cell culture incubator. At the time of 

fixation, cells were ~50% confluent. Cells were fixed with 4% paraformaldehyde in PBS 

for 15 minutes at room temperature and permeabilized with 0.5% Triton X-100 in PBS. 

Samples were blocked with 5% FBS in PBS at room temperature for 1 hour. The primary 

antibody was diluted to the recommended concentration in 5% FBS in PBS, and 200 μl 

per well was added to the chamber slides and incubated 2–3 hours at room temperature or 

overnight at 4 °C. Fluorochrome-conjugated secondary antibodies were prepared in 5% FBS 

in PBS according to the manufacturer’s recommendations, and 200 μl per well was added to 

the chamber slides. The samples were incubated for 1 hour at room temperature in the dark. 

The cells were mounted with mounting medium.

Cysteine labeling assay

The assay was performed as per the protocol established by Boivin et al. with slight 

modifications [50]. For the GAPDH cysteine labeling assay, the lysis buffer has been 

prepared in degassed deionized water, containing 50 mM sodium acetate, 150 mM NaCl, 

and 10 ml glycerol, mixed under vacuum overnight at 4 °C. 1% NP40 was added and the 

buffer was mixed again for 1 hour under vacuum at room temperature. The degassed buffer 

was transferred to an InvivO2 300 anaerobic workstation (Baker Ruskinn, Sanford, ME) 

filled with nitrogen to minimize protein oxidation during cell lysis. Freshly prepared 10 

mM iodoacetic acid (IAA), 125 U/ml superoxide dismutase, 250 U/ml catalase, 5 μg/ml 

leupeptin, and 5 μg/ml aprotinin, were added and the buffer was protected from light. Cells 

were treated with 500 μM H2O2 for 15 minutes to induce oxidative stress under standard cell 

culture conditions. After the incubation time was completed, cells were immediately lysed in 

the hypoxic chamber and lysates were transferred into sterile amber 1.5 ml microcentrifuge 

tubes, and kept on a shaker for 1 hour at room temperature in the dark. Lysates were spun 

at 10,000 x g for 10 minutes through Zeba desalting columns (Thermo Fisher Scientific, 

Waltham, MA) to exchange to the lysis buffer without additions. Lysates were treated 

with 1 mM tris (2-carboxyethyl) phosphine for 30 minutes at room temperature to reduce 

the reversibly oxidized protein thiols and then labeled by incubating with 5 mM iodoacetyl­

PEG2-biotin at room temperature for 1 hour. Biotinylated proteins were enriched using 

streptavidin magnetic beads overnight on a rotator at 4 °C. The beads were washed twice 

with ice-cold buffer, resuspended in Laemmli buffer, heated, and proteins were separated 

on NuPAGE 4–12% gradient polyacrylamide gels using NuPAGE MES SDS running buffer 

(Thermo Fisher Scientific, Waltham, MA). Proteins were then transferred onto a PVDF 

membrane and probed with the GAPDH primary antibody. For SirT1 cysteine labeling, we 

followed the protocol per Shao et al. [10].
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Mass spectroscopy

Wild type (WT)-GAPDH-HA overexpressed HEK 293T cells were treated with or without 

H2O2. Cells were lysed in a hypoxia chamber using a buffer containing NaCl 150 mM, 

NP40 1%, HEPES 50 mM (pH 8.0), glycerol 10% and iodoacetamide (IAM) 5 mM. 

Lysates were alkylated for 30 minutes at room temperature in dark, centrifuge at 10,000 

x g for 10 minutes, desalted through Zeba columns to removed excess IAM. WT HA-tag 

GAPDH (2 mg of total protein) was immunoprecipitated with anti-HA magnetic (10 μl; 

NEB) beads overnight. We washed beads 3 times with PBS, added 30 μl of the elution buffer 

containing (6 M Urea, Tris-HCl 20 mM, NaCl 100 mM), and rotated tubes for 30 minutes at 

room temperature. Proteins were collected using a magnetic stand, diluted to decrease urea 

concentration from 6 M to 1 M with 50 mM TEAB buffer, added 1 μl trypsin Lys-C protease 

mix and 3 μl of Rapigest surfactant (Waters). We incubated it overnight on a rotator at 37 

°C for digestion and terminated digestion (and cleave acid-labile Rapigest) by adding formic 

acid to a final concentration of 1%. We desalted peptides using Oasis HLB 1cc (30 mg) 

reversed-phase cartridges (Waters, Milford, MA) with 0.1% formic acid (buffer A) and 0.1% 

formic acid, 80% acetonitrile (buffer B), respectively, using a vacuum manifold. Condition 

cartridges with 3 × 500 μl buffer B followed by equilibration with 4 × 500 μl buffer A. After 

loading the digests at a reduced flow rate, wash with 3 × 750 μl buffer A. Eluted with three 

times 500 μl 25% acetonitrile and 0.1% formic acid, followed by a second elution with 30% 

acetonitrile and 0.1% formic acid and third elution in 35% acetonitrile and 0.1% formic acid 

and dried in speed vacuum.

Proteomics and mass spectrometry data analysis

Glutathionylation of GAPDH was analyzed using PMI-Byonic version (Protein Metrics) 

modifications. Data was analyzed with Search GUI-3.3.17 and Peptide Shaker-1.16.44 using 

the search algorithms X!Tandem, MyriMatch, MS-GF+, and the de novo peptide sequencing 

Novor and DirecTag. The search parameters for PMI-Byonic were the following: peptide 

termini, semi-specific; maximum number of missed cleavages, 5; precursor tolerance, 10 

ppm; fragment tolerance, 10 ppm; charges applied to charge-unassigned spectra, 2–5; 

fragmentation type, HCD (Higher-energy C-trap dissociation) or HCD and ETD (Electron 

transfer dissociation); The coverage of the GAPDH sequence was greater than 85%.

Nuclear and cytoplasmic protein extraction

Cells were transfected or infected and treated with respective conditions and lysed on ice 

for 10 minutes in a lysis buffer containing 10 mM HEPES, 1.5 mM MgCl2, 10 mM KCl, 

and 0.05% NP40. The lysate was centrifuged at 1000 x g for 10 minutes at 4 °C, and the 

resulting supernatant was recovered as the cytosolic fraction. Pellets were resuspended in a 

nuclear extraction buffer containing 5 mM HEPES, 1.5 mM MgCl2, 300 mM NaCl, 0.2 mM 

EDTA, and 25 % glycerol. Pellets were lysed by sonication and centrifuged at 15,700 x g for 

10 minutes at 4 °C. The supernatant contained the nuclear fraction [49].

Immunoblotting and co-immunoprecipitation

Proteins were separated on NuPAGE 4–12% Bis-Tris protein gels using NuPAGE MES 

SDS running buffer (Thermo Fisher, Waltham, MA) and transferred on PVDF membranes 
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using Trans-Blot Turbo transfer system (Bio-Rad Laboratories, Hercules, CA). Membranes 

were blocked with 5% nonfat milk, incubated with primary antibodies overnight, washed 

three times with TBST, and probed with respective secondary antibodies for 1 hour at room 

temperature.

For immunoprecipitation, cell lysates were rotated at 4 °C overnight with 2 μg of SirT1 

antibody that had been pre-coupled with 20 μl of protein A/G beads for 1 hour. Beads were 

rinsed and proteins separated by SDS-polyacrylamide gel electrophoresis. Overexpressed 

FLAG-SirT1 was directly immunoprecipitated with anti-FLAG antibody coated magnetic 

beads. Protein-protein interactions were identified by blotting for the respective interacting 

protein using GAPDH, SirT1, and Ac-p53 antibodies. Membranes were developed using 

the KwikQuant Western blot detection kit and images were recorded using the KwikQuant 

imager (Kindle Biosciences, Greenwich, CT).

GAPDH activity

GAPDH activity was measured with a GAPDH activity kit (Abcam, Cambridge, MA) 

as per the manufacturer’s protocol. Briefly, HEK 293T or HAEC were treated with or 

without 500 μM H2O2 for 5–15 minutes, lysed in assay buffer on ice for 10 minutes, 

centrifuged at 10,000 x g for 5 minutes, and the supernatants were used for GAPDH activity. 

Samples were diluted in an assay buffer to which GAPDH substrate and developer were 

added, and the absorbance was read at 450 nm. For experiments involving transfected cells, 

immunoprecipitated WT and cysteine mutant GAPDH were used.

Statistical analysis

All experiments were performed for a minimum of three times, and the results are presented 

as mean ± SD. Statistical analysis was performed using Prism 8.1.0 (GraphPad Software, 

San Diego, CA, USA). Statistical significance was determined using one-way ANOVA 

with Tukey’s multiple comparison test. Differences were considered statistically significant 

with a p-value of <0.05. For enzyme kinetics, we used the Michaelis-Menten equation for 

substrate vs. velocity to determine Km and Vmax.

Results

Oxidative stress-induced S-glutathionylation of GAPDH led to its nuclear translocation

Oxidative and nitrosative stress are known to induce oxidative cysteine modifications of 

GAPDH, leading to its nuclear translocation. To detect the S-glutathionylation of GAPDH, 

we performed a cysteine labeling assay and mass spectrometry in HEK 293T cells exposed 

to H2O2. Hydrogen peroxide increased reversible cysteine oxidation of endogenous GAPDH 

that was reversed by overexpressed Glrx (Fig. 1A & B). After H2O2 exposure, a significant 

fraction of endogenous GAPDH maximally translocated to the nucleus in 5–10 minutes (Fig. 

1C & D). The cytosolic and nuclear fractions appeared to be minimal cross-contaminated 

based on the absence of β–tubulin in the nuclear fraction and HDAC1 in cytosolic fraction. 

Furthermore, we examined nuclear translocation of the triple cysteine-to-serine mutant 

GAPDH (TRI; C152S, C156S, C247S) (Fig. 1E), which does not have redox-sensitive 

cysteine residues. The triple mutant GAPDH translocated significantly less to the nucleus as 
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compared to WT GAPDH following H2O2 exposure (Fig. 1E & F). Nuclear translocation 

appeared not to require GAPDH enzyme activity because H2O2 inhibits GAPDH enzyme 

activity (Fig. 1G & H).

Moreover, our MS data show S-glutathionylation at cysteine 247 position of GAPDH 

(Fig. 2B), while cysteine 152 and 156 was involved in disulfide bonding following H2O2 

treatment (Fig. 2A & C). HCD-ETD did not yield good spectra for sulfinylation and 

sulfonylation but preserved-well S-glutathionylation of C247 and disulfide formation of 

C152-C156. The disulfide crosslinked and cyclic section of peptide was more resistant to 

fragmentation.

Glrx prevented GAPDH nuclear translocation and interaction with SirT1

SirT1 is a regulator of cellular stress responses. In many cell types, including HEK 293T and 

endothelial cells, SirT1, NAD+-dependent histone deacetylase, predominantly resides in the 

nucleus and regulates acetylation and activity of transcription factors [51]. As shown in Fig. 

3A, GAPDH and SirT1 were co-immunoprecipitated after H2O2 treatment. The interaction 

was absent in untreated cells. Overexpression of Glrx prevented SirT1-GAPDH interaction. 

These data suggest that S-glutathionylated GAPDH induced GAPDH-SirT1 interaction. It is 

known that S-glutathionylation of SirT1 inactivates its activity (10).

SirT1 required redox-sensitive cysteines for interacting with GAPDH and acetylated P53 
(Ac-p53) under oxidative stress

To determine whether the interaction required redox-sensitive cysteines of SirT1, we 

overexpressed FLAG-tagged WT or our triple cysteine-to-serine mutant SirT1 (C61S, 

C318S, C613S; 3MUT) in HEK 293T cells. We previously verified that 3MUT SirT1 is 

non-oxidizable and maintains its deacetylase activity under oxidative and metabolic stress 

[10,11]. Normally, SirT1 interacts acetylated p53 (Ac-p53), de-acetylates, and inactivates 

p53, leading anti-apoptotic signaling. Under control conditions, neither WT nor 3MUT 

SirT1 interacted with GAPDH or Ac-p53 (Fig. 3B). HEK 293T cells exposed to H2O2 

showed a marked increase in the SirT1-GAPDH-Ac-p53 protein association. In contrast, 

3MUT SirT1 attenuated protein-protein interaction in cells exposed to H2O2 (Fig. 3B).

Glutaredoxin-1 overexpression diminished the activation of cleaved caspase-3 (Fig. 3C & 

D), indicating less inactivation of SirT1. In summary, the data indicated the cysteines of 

SirT1 modulated the deacetylase activity as well as interaction with GAPDH and Ac-p53.

GAPDH exchanged S-glutathionylation with SirT1

To determine if GAPDH transfers S-glutathionylation to SirT1, we performed a series 

of cysteine labeling experiments overexpressing the triple cysteine-to-serine mutants for 

GAPDH (TRI) and SirT1 (3MUT) in HEK 293T cells exposed to H2O2.

Hydrogen peroxide induced S-glutathionylation in WT SirT1 but not 3MUT SirT1 

in HEK 293T cells (Fig. 4A). The TRI GAPDH decreased endogenous SirT1 thiol 

modifications compared to WT GAPDH in control and H2O2 exposed cells (Fig. 4B). 

However, overexpression of WT or 3MUT SirT1 minimally prevented cysteine oxidation of 
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endogenous GAPDH (Fig. 4C). These effects of TRI GAPDH occurred independently of its 

activity because the TRI GAPDH has negligible catalytic activity (Fig. 1H).

These experiments demonstrated that S-glutathionylation of GAPDH was up-stream of 

S-glutathionylation of SirT1, indicating nuclear GAPDH trans-glutathionylated SirT1 during 

oxidative stress.

Oxidative stress-induced GAPDH S-glutathionylation led to its nuclear translocation in 
human endothelial cells

Next, we examined whether H2O2 induces S-glutathionylation and nuclear translocation 

of GAPDH in HAEC to provide additional evidence that this mechanism also occurs 

in primary human cells. First, we performed a cysteine labeling assay and confirmed 

an H2O2-dependent increase in S-glutathionylated GAPDH (Fig. 5A). Overexpression of 

Glrx decreased S-glutathionylation of GAPDH in both control and H2O2 exposed HAEC. 

Overexpression of Glrx in HAEC inhibited H2O2-induced nuclear translocation of GAPDH, 

as shown by Western blot (Fig. 5B & C) and immunocytochemistry (Fig 5D & E). H2O2 

exposure also decreased endogenous GAPDH activity (Fig. 5F).

Glrx prevented pro-apoptotic signaling in human endothelial cells exposed to H2O2

Overexpression of Glrx in HAEC decreased GAPDH-SirT1 interaction (Fig. 6A & B) 

as demonstrated by co-immunoprecipitation. Next, we investigated whether the decreased 

GAPDH-SirT1 interaction consequently may control SirT1 activity and apoptotic signaling 

in HAEC. H2O2 markedly increased Ac-p53 indicating SirT1 inactivation, while Glrx 

overexpression suppressed it (Fig. 6C & D). These results in HAEC further corroborate our 

findings in HEK 293T cells. To assess proapoptotic signaling initiated by S-glutathionylated 

GAPDH -SirT1inhibition -Ac-p53, we treated cells with H2O2 for 8 hours with and without 

Glrx overexpression. Hydrogen peroxide treatment markedly increased cleaved caspase-3 

levels that were significantly abolished by Glrx overexpression (Fig. 6E & F).

Discussion

S-glutathionylation is the reversible addition of glutathione to reactive protein cysteine 

thiolates that change the structure and function of the modified protein [7]. Under severe 

oxidative stress, S-glutathionylation may protect essential protein cysteines from irreversible 

oxidation and degradation [52,53]. S-glutathionylation has emerged as a critical regulator of 

cell signaling, glucose and lipid metabolism, cell proliferation, and apoptosis.

GAPDH is a glycolytic protein but also has several non-glycolytic functions. We tested 

the role of GAPDH as a glutathione shuttle to nuclear SirT1 during oxidant-induced SirT1­

p53-mediated apoptosis. We showed that oxidants-induced S-glutathionylated GAPDH 

translocated to the nucleus, interacted with SirT1, and caused S-glutathionylation-mediated 

SirT1 inactivation and apoptosis. Overexpression of Glrx prevented S-glutathionylation and 

nuclear translocation of GAPDH, and inhibited GAPDH-SirT1 interaction and apoptotic 

signaling. Our data indicate that a redox relay involving trans-glutathionylation is a potential 

signaling mechanism in the apoptosis pathway.
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Previous studies suggested S-nitrosylation as a mechanism to regulate nuclear translocation 

of GAPDH and inactivation of redox-sensitive nuclear proteins [49]. S-nitrosylation or 

GSNO can also lead to S-glutathionylation of proteins. Brune and coworkers have 

shown that S-nitrosylated GAPDH with an authentic NO+ donor is unstable, and in the 

absence of GSH, quickly regains enzyme activity [16]. In contrast, GSNO causes stable 

S-glutathionylation of GAPDH, inhibiting enzyme activity, that could only be restored by a 

chemical reductant.

It is possible that strong nucleophilic protein cysteine thiolates (GAPDH has a low pka 

cysteine thiolate stabilized by an adjacent histidine) attack the S—NO bond of GSNO, 

catalyzing protein S-glutathionylation. Conversely, weak nucleophilic cysteines cannot break 

this bond, and GSNO is more likely to S-nitrosylate these cysteines [16]. Thus, GSNO 

under nitrosative stress also causes GAPDH S-glutathionylation [17]. HEK 293T cells are 

deficient in NO synthases, and thus, significant S-nitrosylation unlikely occur [56]. Under 

our experimental conditions using H2O2, the thiolate of GAPDH may form a sulfenic acid 

that quickly reacts with GSH and becomes S-glutathionylated protein as we showed by 

mass spectrometry (Fig 2). A recent study by Barinova and colleagues [43] demonstrated 

that S-glutathionylation introduces a conformational change in GAPDH, opening the 

structure, which likely facilitates protein interactions and trans-glutathionylation. The 

precise mechanism of trans-glutathionylation may need a further study. Kornberg et al. 

showed Thr152Ala (our 154) mutation inhibited GAPDH binding to SirT1 [49]. Therefore, 

it is unlikely their interaction occurs by disulfide. We found intra-molecule disulfide 

formation between Cys152 and 156 in GAPDH under oxidative conditions. This intra­

molecule disulfide may protect GAPDH from inter-protein disulfide formation with other 

proteins or further oxidation. We speculate conformational changes, reactivity of other 

thiols, proximity, and cellular redox status may determine trans-glutathionylation.

Redox relay is an understudied concept that thiol modification can be transferred between 

proteins via peroxidases and oxidoreductases [25,55,56]. In our best knowledge, this is a 

first report showing Glrx-controlled S-glutathionylation transfers the signal from cytosol 

to the nucleus by exchanging GSH adducts between redox-active proteins. In our case, 

GAPDH exchanges S-glutathionylation with SirT1, a central regulator of the cellular stress 

response and metabolism [51]. Also, the redox-dead mutant GAPDH had minimal enzyme 

activity and did not translocate to the nucleus in cells exposed to H2O2. However, inactivated 

WT GAPDH by S-glutathionylation can translocate into the nucleus, suggesting that S­

glutathionylation, not its activity, is required for the nuclear translocation and GAPDH acts 

upstream to SirT1. We speculate it is a mechanism by which a cytosolic enzyme Glrx 

controls S-glutathionylation and activity of SirT1 in the nucleus and other redox-sensitive 

transcription factors. As limitations, S-glutathionylation occurs relatively small portion of 

a protein. We found 15–20% of total GAPDH translocated to nucleus. Also, a small 

amount of Cys-mutant GAPDH (TRI) likely translocated in the nucleus. Other modifications 

may also support GAPDH nuclear translocation [41, 59]. On another note, we cannot 

exclude that Glrx or Glrx2 resides in the nucleus. Glrx can be intermembrane space of 

mitochondria [60], but not reported in the nucleus. Glrx2 is a mitochondrial isoform and a 

weak de-glutathionylation activity compared to Glrx. Glrx in the nucleus may also directly 
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interact with modified SirT1, representing a second check-point for unintended initiation of 

apoptosis.

In summary, we conclude that trans-glutathionylation is a signaling mechanism to relay 

redox signals from the cytoplasm into the nucleus. Because GAPDH is an abundant enzyme 

containing a highly reactive cysteine thiolate, it may function as a redox rheostat to sense 

oxidative stress. Upon S-glutathionylation, GAPDH can translocate to the nucleus, interact 

with SirT1 and exchange the modification. S-glutathionylation inactivates SirT1, which 

interacts with Ac-p53 to form a transcriptionally active complex, initiating proapoptotic 

signaling and caspase-3 activation. Glrx as glutathione-specific thioltransferase prevents 

S-glutathionylation of GAPDH and SirT1, inhibiting apoptosis. Thus, Glrx is a promising 

therapeutic to inhibit excessive apoptosis in pathological conditions such as idiopathic lung 

fibrosis [57], preeclampsia [58], and non-alcoholic steatohepatitis [10], as well as Glrx may 

also protect vascular functions by protecting endothelial cell apoptosis in stress conditions.
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Highlights

• Cytosolic glutaredoxin-1 reverses S-glutathionylation of SirT1 in the nucleus.

• S-glutathionylation at Cys247 is required for GAPDH nuclear translocation.

• Nuclear GAPDH interacts SirT1 and causes apoptosis via trans­

glutathionylation.

• Cys-mutant GAPDH attenuates its nuclear translocation and binding to SirT1.

• Glutaredoxin-1 inhibits GAPDH nuclear translocation and SirT1-mediated 

apoptosis.
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Figure 1. Oxidative stress induced S-glutathionylation and nuclear translocation of GAPDH in 
HEK 293T cells
A) Hydrogen peroxide increased GAPDH S-glutathionylation in HEK 293T cells as 

measured by cysteine labeling. Glutaredoxin-1 overexpression attenuated GAPDH S­

glutathionylation. B) The graph shows the density of biotinylated-(pulled down) GAPDH, 

control as 1. C) Hydrogen peroxide caused maximal GAPDH translocation to the nucleus 

in 5–15 minutes based on subcellular fractionation studies. The absence of β–tubulin in the 

nuclear fraction demonstrated minimal cross contamination. D) Bar graph showing nuclear 

translocation of GAPDH in a time dependent manner (n=3). For panels A-D, HEK 293T 

cells were transfected with Glrx or an empty vector (pcDNA 3.1) as a control, exposed 

with and without 500 μM H2O2 for 15 minutes. E) A cysteine-to-serine mutant GAPDH 

(TRI) minimally translocated to the nucleus in response to H2O2 compared to WT GAPDH. 

F) Bar graph showing fold change nuclear translocation WT vs mutant GAPDH compared 

to control (n=3). Density of nuclear HA-GAPDH after H2O2 exposure is considered as 1. 

**p<0.01. G) Hydrogen peroxide inhibited endogenous GAPDH activity in HEK 293T cells 

after 10 minutes. Kinetics were fitted using the Michaelis-Menten plugin in Prism 8.1.0. 

Data is presented as means ± SD of N = 3. H) Hydrogen peroxide markedly inhibited the 

GAPDH activity of overexpressed WT GAPDH in HEK 293T cells. Independent on H2O2 
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exposure, overexpressed mutant GAPDH was catalytically inactive. For panel E-F, HEK 

293T cells were transfected with HA-labelled WT or 3 Cys-mutant (TRI) GAPDH or an 

empty vector (EV) as a control. Cells were treated with 500 μM H2O2 for 15 minutes. 

n=3. GAPDH activity is presented as a fold change of control. Data are presented as means 

± SD of n=3 and analyzed with Mann-Whitney U test (*p<0.05). Statistical significance 

was determined using one-way ANOVA with Tukey’s multiple comparison test. Differences 

were considered statistically significant with a p-value of <0.05.
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Figure 2. Glutathionylation of GAPDH occurs on cysteines in HEK 293T cells
A) Controls MS spectra is showing carbamidomethylation which represents alkylation of 

protein cysteines. B) Hydrogen peroxide treatment causes S-glutathionylation at cysteine 

247. C) while, cysteine 152 and 156 formed reversible disulfide bonding following hydrogen 

peroxide exposure.
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Figure 3. Glrx prevented the association of GAPDH with SirT1
A) Hydrogen peroxide induced GAPDH and SirT1 association in HEK 293T cells as 

demonstrated by co-immunoprecipitation. Glutaredoxin-1 (Glrx) overexpression markedly 

attenuated this association. B) The cysteine-to-serine mutant SirT1 (3MUT) prevented the 

H2O2-induced GAPDH-Ac-p53-SirT1 association demonstrated by co-immunoprecipitation. 

C) Different concentrations of H2O2 increased cleaved caspase-3. Glutaredoxin-1 

overexpression abolished caspase-3 cleavage. GAPDH was used as a loading control. D) 
Quantitative assessment of cleaved-caspase 3 bands is shown as fold changes of caspase 

3 activation in different groups (n=3). **p<0.01 compared to control as 1 (white bar). 

##p<0.01 compared to between 500 μM H2O2 vs 500 μM H2O2 + Glrx. For panels A, B, and 

C, HEK 293T cells were transfected with empty vector (pcDNA 3.1), FLAG-SirT1, or Glrx 

with and without exposure to 500 μM H2O2 for 15 minutes. For caspase activity cells were 

treated with H2O2 for 8 hrs. Statistical significance was determined using one-way ANOVA 

with Tukey’s multiple comparison test. Differences were considered statistically significant 

with a p-value of <0.05.
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Figure 4. GAPDH trans-glutathionylated SirT1
A) Hydrogen peroxide reversibly oxidized overexpressed WT SirT1 as measured by cysteine 

labeling. The overexpressed cysteine-to-serine mutant SirT1 (3MUT) showed only minor 

oxidation. B) Overexpressed mutant GAPDH (TRI) attenuated H2O2-induced oxidation of 

endogenous SirT1 in HEK 293T. C) Neither overexpressed WT nor mutant SirT1 (3MUT) 

affected H2O2-mediated oxidation of endogenous GAPDH. For all panels, HEK 293T cells 

were transfected with WT or mutant FLAG-SirT1 (3MUT) and WT or mutant HA-GAPDH 

(TRI).
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Figure 5. Oxidative stress induced S-glutathionylation and nuclear translocation of GAPDH in 
HAEC
A) Hydrogen peroxide increased S-glutathionylation of GAPDH as measured by cysteine 

labeling. Glrx overexpression reversed GAPDH S-glutathionylation. B) Overexpression 
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of Glrx inhibited H2O2-induced nuclear translocation of GAPDH in HAEC as detected 

by western blot. C) Bar graph showing fold change of nuclear translocation in western 

blot (n=3). Significance signs (*) compared to control and (#) compared between H2O2 

vs Glrx+H2O2. D) immunofluorescence (green; Glrx, red; GAPDH; blue; nucleus, scale 

bar, 50 μm), representative photos showing H2O2-induced nuclear translocation, which is 

inhibited by Glrx overexpression (arrow heads). E) Bar graph showing fold change of 

nuclear translocation in immunofluorescence (n=3). Cell number with nuclear GAPDH in 

control is shown as 100%. F) Hydrogen peroxide inhibited endogenous GAPDH activity in 

HAEC. GAPDH activity is presented as a fold change of control. For all panels, HAECs 

were treated with 500 μM H2O2 for 15 minutes. Data are presented as means ± SD and were 

analyzed with Mann-Whitney U test. p-value of <0.05 (*), 0.01 (**), 0.001 (***). All the 

experiments repeated a minimum of three times.
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Figure 6. Glrx attenuated S-glutathionylation of GAPDH and apoptotic signaling in HAEC 
exposed to H2O2
A) Hydrogen peroxide induced GAPDH and SirT1 interaction measured by co­

immunoprecipitation that was completely abolished by adenoviral Glrx (GFP-Glrx) 
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overexpression (n=3). B) Bar graph showing fold change of GAPDH band after IP with 

anti-SirT1, indicating GAPDH-SirT1 interaction (P< 0.001). C) Hydrogen peroxide induced 

Ac-p53 in HAEC, indicating inactive SirT1. Adenoviral Glrx overexpression inhibited the 

acetylation of p53. Total p53 expression levels remained unchanged as measured by Western 

blot. D) Bar graph showing ratio of Acy-p53 and total p53 of western blot (n=3) (P< 

0.001). E) Hydrogen peroxide caused cleavage of caspase-3 that was attenuated by Glrx 

overexpression. F) Bar graph showing fold change activation of caspase-3 by densitometric 

analysis of 19/17 kDa bands (n=3). *p<0.05 compared to other groups. For all panels, 

HAEC were treated with 500 μM H2O2 for 15 min, except caspase 3 activation in which 

cells were treated with H2O2 for 8 hrs. GAPDH served as a loading control. Statistical 

significance was determined using one-way ANOVA with Tukey’s multiple comparison test. 

Differences were considered statistically significant with a p-value of <0.05 (*), 0.01 (**), 

0.001 (***). Significance signs (*) compared to control and (#) compared between H2O2 vs 

Glrx+H2O2..
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